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SUMMARY 
The effects of polymers and small ionic additives on the surface forces between metal 
and non-metal oxide particles in water were studied by measuring the yield stress and 
zeta potential of colloidal suspensions.  We investigate the non-DLVO forces 
introduced by these additives and also aim to determine if there is a linear relationship 
between yield stress and the square of the zeta potential as predicted by the yield 
stress –DLVO force model when non-DLVO forces are present.  The effects of these 
additives on the critical zeta potential were also investigated. 
 
For α-Al2O3 and alumina-coated TiO2 dispersions with adsorbed polyacrylate, the 
yield stress-DLVO force relationship is obeyed only if the yield stress and its 
corresponding zeta potential data were collected in the positively charged region.  In 
this region, the underlying surface positive charge density of the particles exceeds the 
negative charge density of the polyacrylate.  At this state the adsorbed polyelectrolyte 
lies flat on the particle surface forming a steric layer of fixed thickness at a given 
polymer concentration. In the negative charge region, the steric layer thickness is not 
constant and hence yield stress-DLVO relationship is not obeyed. The (critical) zeta 
potential at the flocculated-dispersed transition state decreases with increasing 
polymer concentration. This result reflects a decreasing van der Waals force as the 
steric layer increases in thickness. The ratio of the critical zeta potential square 
between alumina-coated TiO2 and α-Al2O3 is an indication of their Hamaker constants 
ratio in water. The effect of alumina coating on the value of this ratio is presented and 
discussed. 
 
α-alumina and zirconia dispersions with adsorbed small ionic molecular additives 
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such as phosphate, pyrophosphate and citrate were also studied.  Adsorbed phosphate 
at high surface coverage increased the maximum yield stress of low surface area α-
Al2O3 (AKP30 and AA07) dispersions slightly.  This increase is attributed to the 
intermolecular hydrogen bonding between phosphates adsorbed on interacting 
particles.  With high surface area ZrO2 (Tosoh) dispersions, however, the adsorbed 
phosphate decreased the maximum yield stress. This is due to its very rough surface 
morphology limiting the extent of intermolecular hydrogen bonding between adsorbed 
phosphate layers.  Pyrophosphate and citrate additives also reduce the maximum yield 
stress of AKP30 α-Al2O3 due to the presence of intramolecular hydrogen bonding, 
thereby impeding effective bridging.  Instead, they create a steric barrier that keeps 
interacting particles further apart, thereby weakening the van de Waals attraction.  
These dispersions with the presence of non-DLVO forces, i.e. bridging and steric, did 
not affect the linear relationship between yield stress and the square of the zeta 
potential as predicted by the yield stress –DLVO force model. However the relative 
importance of these non-DLVO forces affect the value of the critical zeta potential at 
the point of transition from flocculated to dispersed state. 
 
The effect of branched polyethylenimine (PEI) of molecular weight (Mw) 600, 1800 
and 70,000 on the surface forces interacting between ‘uniform size’ spherical silica 
particles in water was investigated via the yield stress and zeta potential techniques. 
This silica has a point of zero charge at pH ∼2.0. All PEIs caused the zeta potential–
pH curve and the high pH zero zeta potential to shift to a higher pH and the extent of 
the shift increases with increasing PEI concentration and is not affected by PEI Mw. 
PEI adsorption on silica is low or negligible at pH less than 3.5 and this is due to a 
very low negative charge density. Adsorption of PEI beyond 3.5 caused a maximum 
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zeta potential to occur at pH between 4 and 6. The maximum yield stress located at 
the point zero zeta potential is many times larger than that with no added PEI. It 
ranged from 20 to 42 times for low Mw PEI and as high as 68 times for Mw 70,000. 
At low surface coverages, the force responsible for the high yield stress is charged 
patch–bridging attraction. At complete surface coverage, particle bridging via 
hydrogen bond and unlike charged attraction between monomeric, dimeric and 
tetrameric silicate ions with the adsorbed PEI layers of the interacting particles was 
responsible. 
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CHAPTER 1:  Introduction 
 
1.1  Colloid Stability 
Colloid and interface science deals with multi-phase systems in which one or more 
phases are dispersed in a continuous phase of different composition or state.  The 
knowledge of colloidal science is extremely important to many industries.  Some 
examples are the manufacturing of paint, inks, paper, pharmaceuticals, ceramics and 
detergents. In these manufacturing processes, the ability to control colloid stability is 
crucial for effective processing of colloidal dispersions.   
 
Colloid stability is the ability of dispersions to resist coagulation and thus remain in 
the dispersed state.  The focus of the project will be on the kinetic stability where 
coagulation is prevented by means of a kinetic barrier.  Based on the well-known 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, Van der Waals force between 
particles in a colloidal dispersion is the attractive force, which promotes coagulation 
while the repulsive electrostatic force counters the attractive force to achieve stability.  
Electrostatic stabilization is due to electric double layer repulsion. The surface 
charges on the colloidal particles are balanced by a diffuse layer of counter ions.  
When two particles are brought close, these charged layers would overlap and repel to 
counter the attractive force.   
 
The control of particle–particle interaction and flocs morphology via surface forces is 
often exploited in colloidal and nanomaterials processing in the minerals, food, 
pharmaceutical, sol–gel, semiconductor, wastewater treatment and nanomaterial 
industries. Specific polyelectrolyte additives are often added to produce dispersions 
and slurries with the desired behaviour so that they can be processed in an efficient 
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manner. These additives adsorbed on particle surfaces produce a range of surface 
forces such as electrosteric [Napper, 1983], charged patch [Leong 1999] and bridging 
[Healy and La Mer, 1964]. 
 
The ability to quantify the attractive and repulsive forces is important in the study of 
colloid stability.  In this study, the effect of polymers and small ionic additives on the 
surface forces between metal and non-metal oxide particles in water will be 
investigated through the measurement of yield stress and zeta potential of colloidal 
suspensions.  In a concentrated dispersion, the interaction between particles is 
governed by the DLVO theory.  When flocculated, the particles are linked together by 
a net attractive force to form a very open 3D structure that occupies the whole volume 
of the dispersion.  Within the network structure, the strongest attraction is at the joints 
(the bond between two particles is a joint) and junctions where the surface-to-surface 
distance is the smallest.  It is the magnitude of this attraction that determines the 
strength of the structure. The static yield stress is a direct measure of the strength of 
this structure [Leong et al., 1991, 1993, 1995].   Repulsive forces result from adsorbed 
ions on particle surfaces.  The surface potential is a very difficult parameter to 
characterize and it is far easier to determine the zeta potential.  The zeta potential is 
measured at a shear plane near the particle surface and is therefore proportional to the 
surface potential. 
 
The polymer investigated includes sodium polyacrylate and branched-
polyethylenimine of different molecular weights. The small ionic additives include 
sodium phosphate, sodium pyrophosphate and citric acid.  The particles under study 
includes alumina coated titania, alumina, silica and zirconia.  We investigate the non-
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DLVO forces introduced by these additives and also aim to determine if there is a 
linear relationship between yield stress and the square of the zeta potential as 
predicted by the yield stress –DLVO force model when non-DLVO forces are present.   
 
In this study, we also look at how the critical zeta potential is being affected by the 
additives and whether it can be used to interpret the stability of the colloidal 
dispersions.  Critical zeta potential characterises the flocculated–dispersed state 
transition of a colloidal dispersion and have been used in study of colloidal stability 
without the presence of additives [Leong & Ong et. al., 2003]. 
 
1.2  Van der Waals Forces of Attraction 
The van der Waals force is a result of atomic and molecular dipole-dipole 
interactions.  The three types of interactions contributing to the van der Waals force 
consists of Keesom interactions (permanent dipole/permanent dipole interactions), 
Debye interactions (permanent dipole/induced dipole interactions), and the London 
interactions (induced dipole/induced dipole interactions).  The London force is always 
present and plays a very important part in colloid and surface chemistry. 
 
The van der Waals attraction between macroscopic bodies requires the summation of 
all pairwise combinations of intermolecular attraction between two bodies.  Hamaker 
(1937) has analyzed bodies of different geometries.  The simplest representation is the 
attraction between two identical blocks, is given as 
212 d
A
A π−=Φ          (1) 
Where ΦA is the potential energy of attraction between the two blocks; A is the 
Hamaker constant; d is the distance between the blocks. 
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NA A          (2) 
where ρ is the density of the material; NA is the Avogadro’s number; M is the 
molecular weight of the material; β represents the various constants in the Debye, 
Keesom, and London equation. 
 
The scaling up of van der Waals attraction to macroscopic bodies requires that all 
pairwise combinations of intermolecular attraction between the two bodies be 
summed up. Adding together molecular interactions to account for macroscopic 
attractions is however an oversimplification.  The possibility of surface heterogeneity, 
effect of medium and other factors can affect the molecular interactions.  For the 
above reasons, other theories like the Dzyaloshinskii-Lifshitz-Pitaevskiii (DLP) 
theory [Dzyaloshinskii  et al., 1961] which is a theory based entirely on measurable 
bulk properties rather than molecular parameters is  used to deal with the interaction 
of macroscopic bodies. 
 
1.3  Interparticle Repulsive Force 
A double layer is a structure that appears on the surface of a particle when it is placed 
in a liquid.  The double layer refers to two layers of charge surrounding that particle.  
The first layer, the surface charge, comprises of ions absorbed directly onto the 
particle surface via a host of chemical interactions.  The second layer is composed of 
ions attracted to the surface charges via coulomb charges, electrically shielding the 
first layer.  If the double layer is small sufficiently thin then the particles can be 
regarded as a flat plate.  The repulsive interaction that occurs between double layers 
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of like sign, when they being to overlap, can be analysed by examining the osmotic 
pressure which develops due to the accumulation of ions between the plates.  Through 
the assumption that the surface potential remains fixed and the degree of double layer 
overlap is small, the repulsive force between the particle is described in terms of 
potential energy by 
)exp(64 20
1 dTnkBR κψκ −=Φ −∞        (3) 
where ΦR is the electrostatic repulsive potential; kB is the Boltzmann constant; T is 
the absolute temperature; κ is the Debye-Huckel parameter or the inverse of the 
double layer thickness; ψo is the surface potential; d is the distance between the 
particles.  
 
The above equation was derived based on the assumption of a small double layer 
overlap and a small surface potential.   
 
1.4  The Derjaguin-Landau-Derwey-Overbeek (DLVO) Theory – Relationship 
between Yield Stress, Zeta Potential and Critical Zeta Potential 
The sum of the van der Waals potential and the electrostatic repulsive potential 
between particle pairs forms the basis of the DLVO theory [B.V. Derjaguin et al., 
1941; E.J.W. Verwey et al, 1948].  The net interaction potential (Φnet) between two 
particles can be given by 
221 )12/()exp(64 −−∞ −−=Φ dAdTnk oBnet πκψκ      (4) 
 
In a concentrated dispersion, the interaction between particles is governed by the 
DLVO theory. When flocculated, the particles are linked together by a net attractive 
force to form a very open 3-D structure that occupies the whole volume of the 
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dispersion. This occurs when the van der Waals potential is larger than the 
electrostatic repulsive potential.  The majority of the particles in the network structure 
are joined by only two particles or have two nearest neighbours [Shih et al, 1990].  At 
the network junctions, the particles may have three or four nearest neighbours [Leong 
et al, 1995]. Within the network structure, the strongest attraction is at the joints (the 
bond between two particles is a joint) and junctions where the surface-to-surface 
distance is smallest. It is the magnitude of this attraction that determines the strength 
of the structure. The static yield stress is a direct measure of the strength of this 
structure [Leong et al, 1991, 1993, 1995].  
 
This yield stress is measured while the dispersion is at rest and is normally measured 
using the vane technique [Nguyen and Boger, 1983].  The yield stress is maximum at 
the isoelectric point (IEP) where the van der Waals force is the only force contributing 
to stress [Leong et al, 1991, 1993, 1995]. The yield stress decreased with increasing 
pH away from this point as the particles developed an increasingly larger positive or 
negative potential. Eventually, at a certain pH, the yield stress becomes zero. The 
potential at this pH characterizes the transition from a flocculated to a dispersed state. 
We called this the critical surface (or zeta) potential [Leong et al, 2000]. The critical 
surface potential characterises the electrostatic repulsive potential that exactly 
counters the attractive potential. Indirectly, the critical surface potential is a measure 
of the magnitude of the van der Waals potential. 
 
The surface potential is a very difficult parameter to characterize and it is far easier to 
determine the zeta potential. The zeta potential is measured at the shear plane near the 
particle surface and is therefore proportional to the surface potential. The zeta 
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potential is affected by ionic strength. At high ionic strength, the potential decreases 
much more sharply over the distance from the surface to the shear plane. This means a 
smaller zeta potential. It is therefore important to maintain a relatively constant ionic 
strength while characterizing the zeta potential of a dispersion as a function of pH. 
The corresponding dispersion for the yield stress–pH characterization must also have 
the same ionic strength. 
 
The yielding strength of a particle network structure in a flocculated dispersion is 
proportional to the number of particle–particle bonds that cross a unit area of the 
sample and the strength of the particle bond [Russel et al, 1989]. The proportional 
constant is φ 2/a2, where a is the particle size and φ  is the solids volume fraction of 
dispersion. The particle bond strength is given by the DLVO interaction equation 
expressed in terms of force. The relationship between yield stress and zeta potential is 












−≈             (5) 
where the minimum surface separation distance between the interacting particles 
in the flocculated state, 
oD
A  the Hamaker constant of the particle in water, and 
 where )1ln(2 oDeC κπε −−= ε  the permittivity of water, κ  the Debye-
Hückel parameter or the inverse of the double layer thickness and ζ  the zeta 
potential.  
 
At the isoelectric point, or pH of zero zeta potential the electrostatic component is 
absent and hence only the van der Waals force is in play. At this condition the yτ  is 
7 
                                                                                                                          Chapter 1 
maximum. At other condition, the yτ  decreases linearly with the square of the zeta 
potential, ζ . 
 
For many colloidal dispersions, the yield stress displays a linear relationship with the 
square of the zeta potential [Leong et al, 1993; Leong 2000, Hunter et al, 1983; 
Avramidis et al, 1991; Zhou et al, 2001], indicating that they obey the DLVO theory.  
The critical zeta potential is obtained from the intercept at the zeta potential axis 
where the yield stress is zero.  The critical zeta potential is the repulsive force that just 
counters the maximum attractive potential between the particles in dispersions in the 
flocculated state.  According to the DLVO theory, when the yield stress is zero, 





A ζ=          (6) 
 







critical =ζ         (7) 
At a fixed ionic strength, the critical zeta potential is proportional to the square root of 
the Hamaker constant of the solid in water. It is a material property and its magnitude 
reflects the strength of the van der Waals attractive force arising from that materials.  
 
The Hamaker constant is very difficult to quantify precisely and cannot be directly 
measured in a laboratory.  It may be calculated from the Lifshitz theory of molecular 
attraction between macroscopic bodies [Lifshitz, 1956; Dzyaloshinskii et al, 1961]. 
The theory treats the interaction between bodies as an effect of the fluctuating 
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electromagnetic field. This idea is essentially similar to the interaction between 
oscillating dipoles that gives rise to the London dispersive force. The calculation 
requires that the dielectric or optical (refractive index) properties of the material be 
known at all wavelengths or frequencies. As these full spectra data are difficult to 
obtain for most materials, a number of approximate models, all of which are derived 
from the Lifshitz theory, using limited frequency refractive index or dielectric data 
were developed [Tabor and Winterton, 1969; Hough and White, 1980].  More recently 
[Ackler et al, 1996; French, 2000], full spectra optical reflectivity data from vacuum 
ultraviolet and optical spectroscopy became available. Some of the Hamaker constants 
obtained were in good agreement with that obtained by other techniques; however, 
some differed by as much as a factor of seven. The Hamaker constant may also be 
extracted from the DLVO interaction equation that fitted the force separation data 
obtained from surface force apparatus (SFA) [Israelachvili and Adam, 1978 
;Luckham, 1989] and atomic force microscope (AFM) [Larson et al, 1993]. An 
assumed or a measured surface potential for the interacting surfaces and particles was 
required. With these techniques, the Hamaker constant obtained will have 
contributions from all three dipole interaction components. 
 
1.5  Non-DLVO FORCES 
1.5.1 Steric Force – hard wall interactions 
Steric force arising from interaction between adsorbed layers on the interacting 
particles, is very short range, typically less than 1 nm [D'Haene P., 1992]. The steric 
interaction potential Vsteric  obtained empirically is given by: 
msteric H
KV =           (8) 
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where H is the shortest distance between surfaces, K and m are constants. The 
exponent m takes a value ranging from 3 [Ackerson et al, 1994] for a soft layer to 20 
for a hard wall [D'Haene P., 1992]. A hard wall interaction is associated with an 
extremely large repulsive energy when the adsorbed layers are in contact. This energy 
drops to zero once contact is lost. Hard wall steric interaction is normally associated 
with steric layer formed by adsorbed small molecules. For soft shell behaviour, the 
decrease in the steric energy is more gradual as the interacting layers move apart and 
this normally applies to adsorbed polymer layers with dangling loops and segment. 
 
A hard wall steric layer pushes the shear plane where the zeta potential is 
characterized, further out from the particle surface. This steric layer thus reduces the 
zeta potential of the particles.  Low molecular weight polyelectrolytes such as 
polyacrylate form such barrier. Polyarcylates are often used as a dispersant in ceramic 
slip processing [Labanda et al, 2005; Song et al, 2005; Leong et al, 1995]. Hackley 
[Hackley, 1997] measured the acid strength of polyacrylic acid (PAA) with different 
molecular weights using potentiometric titration. He reported a pKa value of 5.0 that 
is independent of molecular weight ranging from 5000 to 150,000. However, the 
degree of ionization of 0.5 occurred at pH just over 6.0. Therefore at pH 6.0 PAA is 
strongly negatively charged and will absorb strongly on any positively charge surface. 
Under a certain particle-polyelectrolyte charge condition, the adsorbed PAA may lie 
flat on the surface and form a hard wall steric layer [Leong et al, 1995; Hackley, 
1997; Hunter 1998].  
 
It is postulated that in the presence of a hard wall layer Eq. (5) becomes: 
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a      (9) 
where δ is the thickness of the steric layer and will depend upon the degree of surface 
coverage. .  Steric interaction is very short-ranged and so it 
should not affect the linear relationship between yield stress and square of zeta 
potential, as predicted by Eq. (5). The steric layer increases the minimum separation 
distance between the interacting particles in the flocculated state by
)1ln(2' )2( δκπε +−−= oDeC
δ2 . The greater 
minimum separation distance reduces the van der Waals force.  
 






critical δζ += .        (9) 
 
At a fixed ionic strength, the critical zeta potential is proportional to the square root of 
the Hamaker constant of the solid in water with both 'C  and the minimum surface 
separation distance between interacting particles, )2( δ+oD , being constant. 
Farrokhpay et al. [2005] studied the effect of polymers on the surface separation 
distance between interacting particles and showed that polymers forming a steric 
barrier on titania can indeed increase this distance. According to Eq. (9), critical zeta 
potential should be independent of particle size and concentration. This was indeed 
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1.5.2 Bridging Forces 
Particle bridging is normally associated with the use of high molecular weight 
polyelectrolyte flocculants. Bridging is formed by electrostatic attraction where one 
head group is adsorbed on one particle and the other on a second particle.  
 
High molecular weight polyelectrolyte flocculants produce densed flocs and do not 
produce flocculated dispersions with uniform properties. The floc structure is often 
altered irreversibly upon agitation. So it is not possible to study the effects of such 
flocculants on the strength of interparticle forces via the yield stress-zeta potential 
technique.   
 
However particle bridging by small charged molecules such as bolaform surfactants 
[Leong, 1997] and trans 1-4 cyclohexane dicarboxylate [Chandramalar et al, 1999] 
discovered quite recently do produce flocculated dispersion with uniform properties. 
With these small molecules bridging can only take place at or near the closest point of 
interaction between particles. This gives rise to a very strong network structure. The 
energy associated with each bridge was on the order of 10kT [Leong, 1997]. 
(Brownian motion is ~1kT).  
 
1.5.3 Hydrophobic Force 
Hydrophobic force arises from the interaction between the hydrophobic alkyl groups of 
adsorbed surfactant. . Water molecules are linked by a network of hydrogen bonds.  The 
hydrophobic alkyl groups cannot form hydrogen bond.  To form their full 
complementary of hydrogen bonds, the nearby water molecules must move to form a 
more orderly (hence lower entropy) network.  This increases the free energy and cause 
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forces that tend to draw the alkyl groups together.  The hydrophobic force is much 
stronger than the van der Waals force [Isrealachvili et al, 1984]. It was found to comprise 
of a short and a long range component [Isrealachvili et al, 1984; Tsao et al, 1993].  The 





-H /V = -  [C e + C e ]1 2λ λ -------------------------    (10) 
 
where C1 and C2 are constants, H the surface separation, and 1λ and the characteristic 
decay length of the short and long range components respectively. 
2λ
1λ and are on the 
order of 10 Å and 100 Å respectively. The short range component appears to be 
insensitive to the type and concentration of electrolyte in solution [Isrealachvili et al, 
1984]. The origin of the hydrophobic force is as yet unclear.  Sodium dodecyl sulphate 
(SDS) is known to have hydrophobic effect on α-Al2O3 suspension [Leong, 1997]. 
2λ
 
1.5.4 Charged Patch Attraction 
Charged patch attraction in dispersion arises from adsorbed strong polyelectrolyte 
such as polystyrene sulphonate, PSS [Leong, 1999]. A negative patch can be formed 
by an adsorbed PSS molecule. The negative patch is formed when the negative charge 
of the PSS molecule exceeds the underlying positive surface charge. The attraction is 
between the negative patch and the positive surface.  
 
The concentration of polyelectrolyte is an important parameter for charged patch 
attraction to occur.  At low concentration, the negative patches formed may not be 
large enough for the attraction to be significant.  In fact, steric effect may be greater 
than charged patched attraction at low electrolyte concentration.  At high 
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concentration, the surface coverage may be more complete and there may be a lack of 
bare surfaces for charge patch interaction.   
 
The strength of the charged patch attraction was found to have the same magnitude as 
that of the van der Waals and this was predicted by theory [Miklavic et al, 1994]. 
 
(iv) Steric interaction between    
adsorbed layers
(iii) Bridging interaction between 
adsorbed additives 
(ii) Hydrophobic attraction 
between hydrocarbon chain; 
Small circle: head group 
Line: hydrocarbon chain 
(i) Charged patch attraction; 
Adsorbed additives provide 
charges opposite to charges on 
particle surface. 
 
Fig 1.1  Cartoon showing non-DLVO forces 
 
1.6  Objectives and Scope of Work 
In this work, we intend to look into the effect of various additives on metal and non-
metal oxide dispersions using yield stress, zeta potential and critical zeta potential 
measurements. 
14 
                                                                                                                          Chapter 1 
1.6.1  Effect of Sodium Polyacrylate on Alumina and Alumina Coated Titania 
One of the areas of interest is the hard wall steric layer formed by polyelectrolytes on 
metal oxides.  We want to determine whether Eq (9) is obeyed by particle dispersions 
containing adsorbed polyelectrolytes i.e. whether a linear relationship exists between 
yield stress and the square of zeta potential.  If it is obeyed, we would like to see if 
and how the critical zeta potential is being affected by the polyelectrolytes.  How 
critical zeta potential varies with surface coverage and the nature of oxide dispersions 
are important information that helps us understand the surface forces operating and 
the particle–particle interactions in greater details.  The oxides used in this study are 
α-alumina (AKP30) and a range of alumina coated titania (CR50, CR58 and CR60).  
The polyelectrolyte is sodium polyacrylate of MW 2103. 
 
The oxides used in this study are an α-Al2O3 and a range alumina-coated TiO2. These 
coated TiO2 powders are used in the manufacturing of plastics, paints, inks and can 
coatings. Investigations on the rheological behaviour of TiO2 dispersions are 
numerous [Rao, 1987; Morris et al, 1999; Liddell et al, 1994].  More recently, the 
influence of aluminium doping on titania pigment structural and dispersion properties 
was briefly reported [Taylor et al, 2003]. Farrokhpay et al. [Farrokhpay et al, 2005] 
also investigated the influence of polymer functional group architecture on titania 
pigment dispersion. These polymers were a polyacrylic acid, a polyacrylamide and 
two modified polyacrylamide copolymers. Plots of yield stress versus the square of 
zeta potential for each polymer at a given concentration were presented showing a 
linear relationship. However, upon analysis of these yields stress-zeta potential data it 
was found that one of the critical zeta potential values was much larger than that with 
no adsorbed polymer. Also the zeta potential and yield stress data collected were 
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much less extensive and this may have led the authors to miss some of the new 
observations reported in this study. 
 
1.6.2  Effect of Small Ionic Molecules on Oxide Dispersions 
Another area of study is the effect small ionic molecules have on oxide dispersions.   
With very simple adsorbed additives such as trans- and cis-1,2 ethylene dicarboxylic 
acids (or fumaric and maleic acids) [Leong, 2002; 2007], it is possible to  derive an 
in-depth understanding of the relationships between adsorbed molecules configuration 
and conformation and inter- and intra-molecular forces, and their relationships with 
interparticle forces in suspensions as quantified by the yield stress. Both of these 
additives have only two charged functional groups and a very restricted 
conformational structure as a result of a highly rigid ethylene backbone. However 
with more flexible small molecules especially those with an extra one or two  
functional groups such as phosphates and citrate, the relationships become less clear 
as there are now more possible adsorbed conformations and a greater range of inter-
and intra-molecular  functional group interactions.  
 
Molecular conformation modeling with ChemOffice subjected to MM2 energy 
minimization did produce a range of possible conformations and intra-molecular 
hydrogen bonding that help to explain the nature and strength of the molecular and 
interparticle forces in some specific additive-dispersion system such as 
dihydroxyfumaric acid – alumina dispersion [Leong, 2008]. With adsorbed phosphate 
and citrate, the task of relating surface forces arising from adsorbed additives and 
interparticle forces is more complex as these multiple functional group molecules are 
more flexible and furthermore, the charge state and the location of the free charge 
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groups of the adsorbed molecules are less clear. 
 
In an earlier study, it was shown that adsorbed phosphate reduced the maximum yield 
stress of zirconia suspension and this was explained by the adsorbed phosphate 
forming a hard wall steric barrier [Leong et al 1993]. In a recent study with low 
surface area platelet alumina suspension, adsorbed phosphate increased the maximum 
yield stress by 2-fold at a relatively low pH of 4 [Khoo et al., 2009]. The explanation 
was the effect of hydrogen bonding between adsorbed phosphate layers on the 
interacting particles and a high density of such bonding. It was postulated that with 
zirconia, the density of hydrogen bonding is too low to negate the steric effect of the 
adsorbed layer on the van der Waal attractive force.  The zirconia used was very 
rough with a high BET area of 15.6 m2/g. However, with the platelet α-Al2O3 
particles, the surface area is only 1.8 m2/g. So these particles are molecularly smooth 
allowing a high density of intermolecular interaction between the adsorbed phosphate 
layers of the interacting particles. In contrast, for the rough spherical ZrO2 particles, 
the spherical cap area where the adsorbed phosphate can come close together to 
participate in hydrogen bonding is small, a fraction of 1% of the total particle area. 
Moreover, the relatively rough surface of the ZrO2 further reduced the density of 
intermolecular hydrogen bonding. As a result there were not enough interactions to 
increase the yield stress. The steric effect [Leong et al. 1993; Velamakanni et al., 
1990] formed by the adsorbed phosphate dominated and hence reducing the maximum 
yield stress.  
 
In this study, we aim to confirm that our hypothesis is correct. We will evaluate the 
effects of BET surface area of α-Al2O3 on the interparticle forces arising from 
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adsorbed phosphate, i.e on the maximum yield stress of the α-Al2O3 dispersion. We 
will also study the effects of other small additives, such as pyrophosphate and citrate, 
on the yield stress as a comparison to phosphate.  Citrate is an additive observed to 
produce a steric force [Leong, 2002; Leong et al., 1993] while pyrophosphate has 
been shown to assume a flat orientation and does not produce a thick steric barrier 
[Leong et al., 1993]. 
 
1.6.3  Effect of Different Molecular Weight Polyethylenimine (PEI) on 
monodispersed silica. 
There have been a few studies on the surface properties of silica in the presence of 
PEI.  Meszaros et al [2002; 2004] studied the effect of pH and ionic strengths on the 
adsorption and desorption of branched PEI of Mw 750000 on silica wafers using 
reflectometry and electrokinetic measurements.  Results showed significant charge 
reversal occurring with the addition of PEI and an increasing amount of PEI adsorbed 
on the silica wafer with increasing pH.  Poptoshev and Claesson [2002] used surface 
force measurement technique to study the interaction forces between glass surfaces 
with adsorbed PEI of Mw 70,000 in aqueous solution.  They showed that at certain 
concentrations of PEI, charge reversal occurs and bridging attraction was detected at 
separations below 10 nm.  Dixon et al [1974] studied the amount of radioactive 
carbon tagged  linear PEI of Mw 2840 and branched PEI of Mw 17100 required for 
the flocculation of 5 μm silica particles in water at pH of 4 and 7. 
 
However the effect of these surface forces arising from adsorbed PEI on the 
rheological yield stress of dispersions has not been investigated. Yield stress is a 
measure of the strength of the flocculated network structure that is directly affected by 
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the strength and nature of the interparticle forces. The use of this additive to achieve 
optimal processing of dispersion and slurry requires a good understanding of the 
relationship between the surface forces and, the yield stress and slurry behaviour. In 
this study, the effect of branched PEI of different molecular weight on the surface 
forces between silica particles in water will be investigated through the measurement 
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Chapter 2:  Materials and Methods 
2.1 Materials 
α-alumina (AKP30, AA7) 
The α-alumina, AKP30 and AA07 used in the study was supplied by Sumitomo 
Chemical Company. AKP30 has a specific surface area of 6.4 m2/g, a median particle 
size of 0.41 μm and a density of 3970 kg/m3. AA07 has a specific surface area of 2.3 
m2/g, a median particle size of 0.7 μm and a density of 3970 kg/m3.  
 
Zirconia (TS-O) 
The TS-O zirconia was supplied by TOSOH. It has a specific surface area of 15.4 
m2/g, a median particle size of 0.7 μm and a density of 6000 kg/m3. 
 
Titania TiO2 (CR50, 58, 60) 
The pure rutile titania was from Unilab with a BET surface area of 9.6 m2/g and 
density of 4200 kg/m3. The samples of rutile TiO2 coated with alumina (CR50, CR58 
and CR60) were obtained from ISK Singapore Pte Ltd. These rutile TiO2 were 
produced by the Chloride process and thus they have a much lower amount of 
adsorbed sulphate impurities as compared to the Sulphate process. The properties of 
the TiO2 as reported by ISK are listed in Table 1. The particle sizes of the ISK oxides 
were characterised using an SEM (fig 2.1(a)-(c)). As the particles are irregular in 
shape, the sizes of the particles are approximated with the SEM using the best fitting 
sphere over a random sample of the particles. The BET surface area was measured 
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TiO2 
classification 






CR50 95 Al 0.25 4.2 14 
CR58 93 Al 0.28 4.2 16 
CR60 95 Al 0.21 4.2 10 
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The SP-03 silica was supplied by Fuso Chemical Co. Ltd. and the particles were 
found to be quite monodisperse.  Fig. 2.2 shows the SEM image of these particles. It 
has a BET surface area of 12.5 m2/g, an average particle size of 0.25 μm and a density 
22 
                                                                                                                          Chapter 2 
of 2200 kg/m3. Assuming that the particles are perfectly smooth and spherical, the 








The polyelectrolyte, sodium salt of polyacrylic acid (PAANa) of molecular weight, 
Mw, 2103 Da was used. This polymer has an Mw/Mn value of 1.23, an indication of a 
relatively narrow Mw distribution. It has on average  22 repeating units. 
 
Polyethylenimine (PEI) 
The polyethylenimine used were highly branched polyethyleneimine with molecular 
weights of 600, 1800 and 70000 from Polysciences, Inc. See Figure 2.3 for a cartoon 
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representation of the structure.  PEI of molecular weight 70000 comes in the form of a 
30% aqueous solution while the other two PEIs have a purity of more than 99%. PEI 
contains primary, secondary and tertiary amine groups in approximately 1:2:1 
25/50/25 ratio.  
 
 
Fig 2.3: Cartoon representation of the chemical structure of polyethyleneimine. 
 
Sodium phosphate, Sodium pyrophosphate and Citrate 
The chemical additives used were sodium phosphate dibasic, sodium pyrophosphate 
and citric acid. The sodium phosphate dibasic and sodium pyrophosphate are from 
Sigma-Aldrich and have pKa of 2.23, 7.21, 12.32 and 1.52, 2.36, 6.60, 9.25 
respectively. The citric acid from Univar has a pKa of 3.14, 4.77 and 6.39. 
 
2.3 Yield Stress Measurements 
For yield stress measurements, 50 and 55 wt% samples of oxide dispersions were 
prepared.  A base solution was first prepared by adding accurately measured amounts 
of additives to distilled water. .  The solution was then made alkaline (pH ~12) by 
adding 1M NaOH.  The additive concentration was measured in terms of dry weight 
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percent or dwb% (g of additive per 100g of oxides).  For PEI, the same number of 
dwb% for different molecular weight PEI will mean they have approximately the 
same number of amine groups.  A measured amount of oxide was then added to the 
solution.  The dispersion was then sonicated with a sonic probe for 1 ½ mins to 
produce a homogenous dispersion.  Approximately 60g to 70g of dispersion was 
prepared for each sample.  The dispersion was allowed to equilibrate for at least 4 
hours prior to any measurements. In order to minimize dilution, 1M to 5M HCl was 
then used to reduce the pH of the dispersions.   At higher pH, localised flocculation 
can occur in the vicinity of the acid droplet, and was redispersed by sonicating.  A 
Brookfield DV-II+ viscometer was used to measure the yield stress of the samples 
(Fig 2.4).   
 
     
 
Fig 2.4  Vane Technique for measuring yield stress. Brookfield RVDV-II+ Rheometer 
with the vane and colloid solution closed up. 
 
The viscometer has a spring torque of 0.7187 mN.m at 100% scale reading.  The 
method employed to measure the yield stress was the vane technique [Nguyen and 
Boger, 1983]. A four–blade vane was immersed in the flocculated slurry and rotated 
at a slow speed ranging from 0.2 to 0.4rpm.  The maximum torque was recorded and 
used to calculate the yield stress.   
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In the vane technique, it is assumed that the total torque is composed of the shearing 
on the cylindrical wall formed by the rotating vane and the shearing at the two end 





])(2[2)2( τπτπ    
where Tq is the measured torque; Rv is the radius of the vane; h is the height of the 
vane; τw is the shear stress at the cylindrical wall; and τe(r) is the shear stress at the 
end surface, which is a function of radial position r. 
 














where Dv is the diameter of the vane. 
 


















The Brookfield HADV-II+ viscometer has a spring constant of 14373 dyne-cm.  The 
torque is recorded in the viscometer as a percentage of maximum torque producible 
and can be calculated by multiplying the fraction of maximum torque with the spring 
constant.  For the vane used, Dv = 0.015m and h = 0.03m. 
 
Sample calculation:   
If the recorded % torque = 50% 
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This technique can accurately measure the yield stress of high concentration 
dispersions.  The conductivities of the dispersions were kept as consistent as possible.  
In the study on PAA-Na additives on TiO2, NaCl was added to adjust the conductivity 
to about 5mS/cm. 
 
2.4 Zeta Potential Measurements 
When a solid particle is brought into contact with a liquid phase, that solid develops a 
net surface charge.  This surface charge may result from various mechanisms, such as 
the dissociation of ionic surface groups, the absorption of charged material from 
solution, or equal dissolution of ions from an ionic crystal lattice. 
 
Surrounding the particle is an area of oppositely charged “counter ions” in the liquid 
phase that balances the net surface charge of the solid.  The separation of charge that 
exists where the particle and the liquid meet gives rise to several dynamic phenomena 
with colloidal systems called electrokinetic phenomena.  Four classical types are 
electrophoresis, electroosmosis, streaming potential and sedimentation potential. 
 
The driving force behind electrokinetic phenomena is not really the surface charge, 
but the net charge of the liquid that is hydrodynamically bound between the particle 
surface and the rest of the fluid.  This area of interface is called the slipping plane of 
shear and the potential at this interface is called the zeta potential. 
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For zeta potential measurements, 260 ml of 5 wt% dispersions were prepared in the 
same manner as that for the yield stress measurements.  The dispersions were 
sonicated for about 1 ½ mins.   The zeta potentials of the dispersions were measured 
with the Colloidal Dynamics ZetaProbe (Fig 2.5) that uses the ESA (Electrokinetic 
Sonic Amplitude) technique.  The ZetaProbe autotitrates the sample to a lower pH 
using 0.5 M HCl and the zeta potential is recorded in a step-wise decrease.  The zeta 
potential was corrected for dissolved ions contributing to the ESA signal [M. 
Kosmulski and J.B. Rosenholm, 2007]. The machine-corrected ESA signal is the total 
signal minus that obtained at the zero zeta potential condition. The dispersions for 
zeta potential measurements were all prepared at approximately pH ~12.  This is to 
ensure that the dispersions for yield stress and zeta potential measurement 
experienced the same direction of pH change during the titration.  The conductivities 
of the dispersions were again kept as consistent as possible. 
 
Fig 2.5  Colloidal Dynamics ZetaProbe 
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Chapter 3: Yield stress-zeta potential relationship of oxide 
dispersions with adsorbed polyacrylate — Steric effect and zeta 
potential at the flocculated-dispersed transition state 
(Ong, B.C., Leong, Y.K., Chen, S.B., Powder Technology 186 (2008) 176-183) 
 
This chapter looks into the steric layer formed by polyacrylate on α-Al2O3 and a range 
alumina-coated TiO2.  We want to determine whether Eq (9) is obeyed by particle 
dispersions containing adsorbed polyacrylate i.e. whether a linear relationship exists 
between yield stress and the square of zeta potential.  If it is obeyed, we would like to 
see if and how the critical zeta potential is being affected by the polyelectrolytes.  
How critical zeta potential varies with surface coverage and the nature of oxide 
dispersions are important information that helps us understand the surface forces 
operating and the particle–particle interactions in greater details.  The oxides used in 
this study are α-alumina (AKP30) and a range of alumina coated titania (CR50, CR58 
and CR60).  The polyelectrolyte is sodium polyacrylate of MW 2103. 
 
3.1  Zeta Potential  
The effect of PAA-Na concentration on the zeta potential of a 5wt% α-Al2O3 
dispersion is shown in Fig. 3.1(a).  Without the addition of PAA-Na, the isoelectric 
point (IEP) was found to be at a pH of 9.3.  The pH of zero zeta potential is shifted to 
the left with increasing concentration of polyelectrolyte. At a concentration of 
0.4%dwb (g polyelectrolyte/100g oxide), this pH is as low as 3.1. 
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pH



























Fig 3.1(a) The zeta potential vs pH behavior of 5 wt% AKP30 α-Al2O3 dispersion 
under the influence of PAA-Na. 
 
The adsorption of a negatively charged polyelectrolyte like PAA-Na onto a positively 
charged particle like α-Al2O3 is due to electrostatic attraction between unlike charged 
groups. At low additive concentration of polyelectrolyte, the total negative charge of 
PAA-Na is small. So the amount of positive surface charge on the particles needed to 
accommodate all these negative polyelectrolyte charge is equivalently small. A small 
downward shift in pH from the IEP is sufficient to generate enough surface positive 
charge to neutralize all the polyelectrolyte charge. This explains the small shift in pH 
of zero zeta potential at low polyelectrolyte concentrations.  At a higher 
polyelectrolyte concentration, a larger decrease in pH is needed for the particles to 
acquire sufficient charge to neutralise the polyelectrolyte charge.  As a result, the pH 
for zero zeta potential is  much lower .   
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For the dispersion containing the highest polyelectrolyte concentration of 0.4%dwb, it 
can be seen that at pH>6, the magnitude of zeta potential is more than 70mV.  At this 
concentration, the charge from the adsorbed polyelectrolyte is more than sufficient to 
counterbalance the surface positive charge of the particle.  Under such a condition, it 
is possible for a polyelectrolyte molecule to bridge particles, i.e. it is adsorbed onto 
two or more particles at the same time. If the polyelectrolyte is of low molecular 
weight, particle bridging is less likely to occur.  The adsorbed polymer molecules 
form loops or dangling segments and tails on a particle surface. The excess charges 
from the adsorbed polyelectrolyte lead to the high negative zeta potential.    
 
The effect of PAA-Na on zeta potential of CR 50, CR 58 and CR 60 and rutile TiO2 
dispersions is generally similar to that observed with α-Al2O3 dispersion. In all cases 
the pH of zero zeta potential is shifted to a lower pH. At any pH in the negative 
charge regime, the magnitude of the zeta potential is larger at higher PAA-Na 
concentration. Fig 3.1(b), (c) and (d) show its influence on the zeta potential of CR50, 
CR58 and CR60 dispersions. 
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Fig 3.1(b) The zeta potential vs pH behavior of 5 wt% CR50 dispersions under the 
influence of PAA-Na. 
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Fig 3.1(c) The zeta potential vs pH behavior of 5 wt% CR58 dispersion under the 
influence of PAA-Na. 
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Fig 3.1(d) The zeta potential vs pH behavior of 5 wt% CR60 dispersion under the 
influence of PAA-Na. 
 
Fig. 3.2 shows the effect of PAA-Na surface coverage (mg polyelectrolyte per m2 of 
oxides) on the pH of zero zeta potential.  With no additives, the IEP of α-Al2O3 is at 
pH 9.3 while the IEP of rutile TiO2 is at pH 6.0.  The IEP of alumina-coated titania; 
CR50, CR58 and CR60 is at pH 7.7, 8.8 and 8.0 respectively.  It is not surprising to 
find the IEP of the alumina-coated titania to lie in between the IEP of pure α-alumina 
and pure rutile titania.  CR58 has a higher IEP as compared to CR50 and CR60.  This 
is because CR58 contains a higher amount of alumina which has a higher IEP [Taylor 
et al, 2003]. The data in Fig. 3.2 also show that for all oxides, the pH of zero potential 
decreases with increasing polyelectrolyte concentration. At high polyelectrolyte 
concentration, the pH of zero zeta potential approaches a value of 2.0, the IEP of 
33 
                                                                                                                          Chapter 3 
carboxylate group dominated particle surface [Leong and Boger, 1990].  
Polyelectrolyte Concentration (mg PAA-Na/m2)


































Fig 3.2: The effect of polyelectrolyte (PAA-Na) concentration on pH of zero zeta 
potential of 5 wt% dispersions of α-Al2O3, CR50, CR58, CR60 and rutile TiO2 at a 
conductivity of 5mS. 
 
The plot of the difference between the isoelectric point and the pH of zero zeta 
potential versus surface coverage of polyacrylate for all oxides is shown in Fig 3.3. 
The surface coverage of polyelectrolyte was calculated with the assumption of 
complete or 100% adsorption. This assumption is often true for polyelectrolyte 
adsorption at the pH of zero zeta potential [Leong et al, 1995]. It is a linear-log plot 
and the relationship is normally linear [Leong et al, 1995]. The slope of the plots is a 
measure of the acid strength of the functional groups of the polyelectrolyte. The 
stronger the acid group the steeper is the slope [Leong, 1999]. The slopes in Fig 3.3 
appear to show a dependence upon the nature of the oxide dispersions. CR50 and 
CR60 both with 95wt% TiO2 and the same isoelectric point displayed approximately 
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the same slope. However CR58 with a lower TiO2 content of 93% and α-Al2O3 and 
again with approximately the same isoelectric point, displayed the same slope that is 
steeper. Like the isoelectric point result, the slope may be a good indication of the 
surface composition or degree of coating of the oxides. The result suggests that CR58 
has similar surface properties to α-Al2O3. This is only possible if CR58 is completely 
coated with alumina. 
Log (surface coverage of PAANa)



















Fig 3.3: The plot of (IEP-pHζ=0) as a function of the log of surface coverage of 
polyelectrolyte (PAA-Na) for the different oxides. The unit of surface coverage is in 
mg PAA-Na per m2. 
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3.2  Yield Stress 
The effects of PAA-Na concentration on the yield stress-pH behaviour of 50wt% α-
Al2O3, CR50, CR58 and CR60 dispersions are shown in Fig 3.4(a), (b), (c) and (d) 
respectively.  In the absence of polyelectrolyte, the maximum yield stress of the α-
Al2O3 dispersion with a conductivity of 5mS/cm, is 135 Pa located at pH 9.3. In 
contrast, the maximum yield stress of CR50 dispersion is 40 Pa at pH 8.1, whilst 
CR58 dispersion displayed a maximum yield stress of 34 Pa at pH 8.3. CR60 
dispersion displayed a higher maximum yield stress of 75 Pa at pH 7.8 .  
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Fig 3.4(a): Effect of PAA-Na concentration on the yield stress–pH behaviour of 
a range of 50wt% α-Al2O3 dispersions with an ionic strength of 5mS/cm. 
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Fig 3.4(b): Effect of PAA-Na concentration on the yield stress–pH behaviour of 
a range of 50wt% CR50 oxide dispersions with an ionic strength of 5mS/cm 
pH






















Fig 3.4(c): Effect of PAA-Na concentration on the yield stress–pH behaviour of 
a range of 50wt% CR58 oxide dispersions with an ionic strength of 5mS/cm. 
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Fig 3.4(d): Effect of PAA-Na concentration on the yield stress–pH behaviour of a 
range of 50wt% CR60 oxide dispersions with an ionic strength of 5mS/cm. 
 
The particle size of CR60 is smaller than CR50 and CR58, thus a larger yield stress is 
expected for CR60. Surprisingly, α-Al2O3 with larger median particle size, displayed 
the highest maximum yield stress. In significant amount, it is the very fine size 
fractions that control the rheology or yield stress of the dispersions [Leong et al, 
1995].  It is possible that while the mean particle size of α-Al2O3 is larger, it might 
have a larger fraction of fine particles. Note that the size distributions of alumina-
coated TiO2 and α-Al2O3 were determined by different techniques. The particle size 
distribution of α-Al2O3 was determined via the laser diffraction method while the 
SEM optical method was employed for the alumina-coated TiO2. 
 
The maximum yield stress for all oxides was located at their respective isoelectric 
38 
                                                                                                                          Chapter 3 
point. This result is predicted by the DLVO theory.  At this point, the electrostatic 
repulsive force is absent and only the van der Waal attractive force is present. So the 
net attractive force interacting between particles is at maximum strength. The 
flocculated network structure must also be at maximum strength and this is reflected 
by the maximum yield strength. 
 
Like the zeta potential, the yield stress curve is shifted progressively to a lower pH as 
the amount of PAA-Na used increases.  Also, the maximum yield stress is located at 
the pH of zero zeta potential at any concentration of PAA-Na.  In addition, the 
maximum yield stress is generally smaller as the amount of PAA-Na added increases.  
The polyelectrolyte is adsorbed to form a steric layer on the particles. The effective 
thickness of this layer increases with increasing amount of polyelectrolyte adsorbed. 
This has the effect of increasing the minimum separation distance between the 
interacting particles. As a result, the van der Waals attractive force is weakened 
progressively and hence the maximum yield stress decreases with polyelectrolyte 
concentration. 
 
For CR58 at 0.08%dwb PAA-Na, the maximum yield stress actually increased 
slightly as seen in Fig. 3.4(c).  In fact, the decrease in the maximum yield stress for 
the other oxides, is also not significant at the same concentration of PAA-Na.  This is 
probably due to charged patch attraction occurring between the positively charged 
particle surface and the negatively charged polyelectrolyte adsorbed on an adjacent 
particle.  Charge patch attraction usually occurs at low surface coverage of 
polyelectrolyte [Leong, 1999].  This attraction is not much stronger than the van der 
Waals force of attraction [Miklavic et al, 1994].   
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The variation in the maximum yield stress with surface coverage of PAA-Na is shown 
in Fig 3.5 for all four oxide dispersions. In all cases, the maximum yield stress 
displayed a trend that decreases with increasing surface coverage. At low 
polyelectrolyte concentrations, the decrease is very small and sometimes the trend 
shows a small rise. As explained earlier, this is likely due to some degree of charge 
patch attraction. At higher polyelectrolyte concentration the maximum yield stress is 
significantly smaller. Here, steric effects have become very pronounced.   
Surface Coverage (mg of PAA-Na/m2)



























Fig 3.5:  Effect of polyelectrolyte surface coverage (in gram per unit surface 
area) on the maximum yield stress of 50wt% oxide dispersions with a 
conductivity of ~5mS/cm. 
 
3.3  Yield Stress – Zeta Potential Relationship and Critical Zeta Potential 
The yield stress and zeta potential square data for α-Al2O3 dispersion at a 
conductivity of 5mS/cm displayed a considerable degree of scatter from the best-fit 
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linear relationship. However when the data pairs collected in the negative charge or 
positive charge region were correlated separately, an excellent linear relationship for 
each charge regime was obtained.  As shown in Fig 3.6, the deviation of the data from 
the best-fitted line is very small. The two linear relationships are very different. The 
value of the intercept at zero yield stress differs quite considerably. It is 3000 mV2 in 
the negative charge regime while it is only 1800mV2 in the positive charge regime. 
This gives a critical zeta potential of magnitude 55mV in the negative regime and 
42mV in the positive regime.  
 
The slope of the plot in the negative charge regime is also gentler as compared to that 
in the other charge regime.  This means that either the van der Waals attractive force 
is much stronger or there is a presence of an additional attractive force in the negative 
charged regime. This phenomenon certainly needs to be clarified with a separate 
study. It should be noted that the isoelectric point of α-Al2O3 dispersion and pH of 
maximum yield stress differed slightly in pH values. It is just not possible to obtain an 
identical pH value. The pairing of the yield stress and zeta potential must be at the 
same surface chemistry condition, i.e. (pH- pH of maximum yield stress) must be 
equal to (pH-IEP) [Scales et al, 1998].  
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zeta potential square, ζ2(mV2)























Fig 3.6: The plot of yield stress versus zeta potential square in the negatively 
charged and positively charged regions for α-Al2O3 dispersion. 
 
In the presence of adsorbed polyacrylate, the yield stress-zeta potential square 
relationship is not linear in the negatively charged regime. Figs 3.7(a) and (b) show 
the plots of yield stress versus square of zeta potential for α-Al2O3 and alumina-
coated TiO2 CR58 dispersions in the presence of polyacrylate. In the negative charge 
regime and at pH below the oxide IEP, the negative charge density of the adsorbed 
polyacrylate greatly exceeds the positive charge density of the particles. In this region, 
the adsorbed polyacrylate molecules do not lie flat on the particle surface. The 
adsorbed molecules will assume a conformation with dangling segments and tails. 
Under this condition, it is not possible to maintain an adsorbed layer with constant 
thickness. With a slight decrease in pH, more positive charges developed on the 
particle surfaces. At this state, the adsorbed molecule will assume a conformation 
with less dangling segments and tails. The effective thickness of the adsorbed layer is 
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therefore thinner. In summary, in the net negative charge regime, the thickness of the 
steric layer will vary with the concentration of underlying surface positive charge. 
With a non-constant steric layer thickness, the separation distance, i.e., )2( δ+oD , 
between the interacting particles will also vary, hence leading to the breakdown of the 
linear relationship. 
zeta potential square, ζ2(mV2)





















%dwb PAANa negatively charged region
 
Fig. 3.7(a): Yield stress versus square of zeta potential relationship in the 
negative charge region for α-Al2O3. 
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zeta potential square, ζ2(mV2)






















Fig. 3.7(b): Yield stress versus square of zeta potential relationship in the 
negative charge region for CR58. 
 
Fig 3.8(a) shows the plots of yield stress versus zeta potential square obtained in the 
positively charged regime for unwashed α-Al2O3 dispersions with 0.08, 0.16 and 
0.4%dwb of PAA-Na. At each polyacrylate concentration, an excellent linear 
relationship was obtained. Using only zeta potential data with value less than 25.6mV, 
the limit of validity of the DLVO theory, a linear relationship is still obtained. In fact 
all the data for 0.4dwb% PAA-Na were below 25 mV.  The intercept at zero yield 
stress was observed to decrease with increasing polymer concentration. The intercept 
gives a critical zeta potential of 44, 36 and 23mV for 0.08, 0.16 and 0.4%dwb PAA-
Na respectively.  
 
In the positively charged regime, the underlying positive charge of the particles 
exceeds the total negative charge of the adsorbed polymer. The adsorbed polymer 
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must therefore lie flat on the particle surface as it can anchor all its charged groups on 
the particle surface. In this regime, the effective thickness of the adsorbed or steric 
layer does not vary with pH. Essentially this layer behaves like a “hard-wall” steric 
barrier. At higher polyacrylate concentration, the adsorbed layer gets thicker as it 
becomes more developed with increasing surface coverage. This weakened the 
strength of the van der Waals force as the minimum separation distance increases. As 
a result the maximum yield stress and critical zeta potential are smaller in magnitude. 
Note that steric interaction is very shortranged with the order of a nanometer and is 
zero once the adsorbed layers of the interacting particles are not in contact. 
zeta potential square, ζ2(mV2)
























Fig 3.8(a): Effects of PAA-Na on the yield stress-zeta potential square 
relationship in the net positive charge region for α-Al2O3 dispersions. Both the 
yield stress and zeta potential data were measured at an ionic strength of ~ 
5mS/cm. 
 
Figs 3.8(b) and (c) show the plot of yield stress against square of zeta potential for 
alumina coated titania CR50 and CR58 respectively in the positively charged regime. 
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In all cases a linear relationship is obtained. Table 2 lists the critical zeta potential of 
the oxide dispersions at different concentration of PAA-Na. For all oxides, the critical 
zeta potential with no polyelectrolyte additive is much larger than that with PAA-Na. 
The trend shows a decreasing critical zeta potential value with increasing polymer 
concentration for all oxide dispersions. Sometime if the bad data are not ignored, we 
observed the trend to increase upward. For example, for CR58 at 0.4%dwb PAA-Na, 
if the last data point in Fig. 8(c) is not ignored we obtained a critical zeta potential 
value of 36mV, which is higher than 33mV obtained for 0.16%dwb additive. Ignoring 
this last point, a critical zeta potential value of 27mV was obtained.  
zeta potential square, ζ2(mV2)






















Fig 3.8(b): Effects of PAA-Na on the yield stress-zeta potential square 
relationship in the net positive charge region for CR50 dispersions. Both the 
yield stress and zeta potential data were measured at an ionic strength of ~ 
5mS/cm. 
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Fig 3.8(c): Effects of PAA-Na on the yield stress-zeta potential square 
relationship in the net positive charge region for CR58 dispersions. Both the 
yield stress and zeta potential data were measured at an ionic strength of ~ 
5mS/cm. 
 
The critical zeta potential obtained for the three alumina-coated titania; CR50, CR58 
and CR60), is 49, 46 and 38mV respectively. CR50, CR58 and CR60 contained 95, 
93 and 95% TiO2 respectively and have an IEP of 7.8, 8.8 and 8.0. CR58 with 93% 
TiO2 has an IEP very close to that of α-alumina of 9.3. Both CR50 and CR60 with the 
same amount of TiO2 of 95% have the same IEP. The similarity in IEP suggests that 
CR58 is completely coated with alumina but not CR50 and CR60. The critical zeta 
potential did not show any trend in relation with the TiO2 content. Both CR50 and 
CR60 have the same TiO2 content and yet their critical zeta potentials are quite 
different; 49mV and 38mV. With the critical zeta potential of α-Al2O3 ranging from 
40mV to 55 mV, the only conclusion that can be drawn is that all four oxides have 
similar critical zeta potential values. The critical zeta potential data with adsorbed 
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polymer may reveal if they indeed have similar critical zeta potential values. 
 
The critical zeta potential of α-Al2O3 and rutile titania without additive was found to 
be 40 and 49mV respectively. The value for α-Al2O3 obtained in the positive charge 
region is very close, 42mV. The Hamaker constant of α-Al2O3 in water is ~ 40zJ and 
that for rutile TiO2 is ~60zJ (1zJ=10-21J). Rutile TiO2 with alumina coating should 
have a Hamaker constant of value in between 40 to 60zJ. The critical zeta potential 
obtained in this study suggests that the Hamaker constant of alumina-coated TiO2 is 
very similar to that α-Al2O3. Now we examined whether the critical zeta potential 
obtained at the same coverage of PAA-Na supports such finding. The relationship 
between critical zeta potential and PAA-Na surface coverage of α-Al2O3, CR50, 
CR58 and CR60 dispersions can be calculated from the data listed in Table 2.   
  Critical Zeta Potential (mV) 
 Al2O3 CR50 CR58 CR60 
No additives 40-55 48.8 46.2 38 
0.08%dwb 44 39 36.8 39.5 
0.16%dwb 36 29  33.2 34 
0.4%dwb 23 30  27.2 32 
Table 2   Critical zeta potential of alumina and alumina coated titania. 
 
At a constant surface coverage of 0.25mg/m2, the critical zeta potential of α-Al2O3, 
CR50, CR58 and CR60 was found to be 36, 29, 27 and 33 mV respectively. CR58 and 
α-Al2O3 displayed the largest difference in critical zeta potential value despite other 
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property data such as IEP, suggested that they should be very similar. The reason for 
the discrepancy here is not clear. However, it is likely that the experimental error 
involved in the critical zeta potential determination is relatively high. So all four 




Adsorbed polyacrylate layer on α-alumina and alumina coated titania decreases the 
τy,max  of the oxide dispersions due to the formation of a steric layer.  The yield stress 
— DLVO force relationship is obeyed by oxide dispersions with adsorbed 
polyacrylate layer provided that the yield stress and zeta potential data are collected in 
the positively charged region. The critical zeta potential at the flocculated-dispersed 
transition state decreases with increasing PAA-Na concentration. The decreasing 
critical zeta potential reflects a weaker van der Waals attraction due to an increasing 
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Chapter 4: Surface Forces Arising from Adsorbed Small Ionic 
Additives in Oxide Dispersions – Intermolecular Hydrogen Bonding, 
Steric and Surface Area Effects 
(Manuscript submitted to Chemical Engineering Sciences) 
 
In this chapter, we aim to confirm if the BET surface area of α-Al2O3 and ZrO2 has 
any effect on the interparticle forces arising from adsorbed phosphate.  The effect of 
hydrogen bonding between adsorbed phosphate layers on interacting α-Al2O3 
platelets is known to increase the yield stress of colloidal dispersions.  We will also 
study the effects of other small additives, such as pyrophosphate and citrate, on the 
yield stress as a comparison to phosphate.  Citrate is an additive observed to produce a 
steric force [Leong, 2002; Leong et al., 1993] while pyrophosphate has been shown to 
assume a flat orientation and does not produce a thick steric barrier [Leong et al., 
1993]. 
 
4.1  Effects of oxide surface area on surface forces arising from adsorbed 
phosphates 
The effect of pH on the adsorption of sodium phosphate additives on 20 wt% AKP 30 
α-Al2O3 and TS-O ZrO2 is shown in Fig 4.1.   
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Fig 4.1 The effect of pH on the adsorption behavior of phosphate on 20 wt% 
Sumitomo AKP 30 α-Al2O3 and 20 wt% TOSOH TS-O ZrO2. 
 
For 0.2 %dwb (g of additives/100g of oxides) phosphate, the adsorption of phosphate 
to α-Al2O3 increased from around 60% at pH 10 to 100% at around pH 7.3. At lower 
concentration of 0.1 %dwb phosphate, the extent of adsorption is already close to 
100% at pH just below 9.0. Adsorption of phosphate at a concentration of 0.2 %dwb 
on TS-O ZrO2 is almost 100% at pH less than 5.  
 
The effect of sodium phosphate concentration on the zeta potential-pH behavior of 5 
wt% AKP30 α-Al2O3 dispersion is shown in Fig 4.2(a).  
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Fig 4.2(a) The zeta potential vs pH behaviour of 5 wt% AKP30 α-Al2O3 dispersion 
under the influence of sodium phosphate. 
 
The isoelectric point (IEP) of this α-Al2O3 is located at pH 9. Adsorbed phosphate 
shifted the pH of zero zeta potential to a lower pH. This behaviour is a typical effect 
of anions adsorption. The extent of the shift increases with increasing phosphate 
concentration. A similar shift in the pH of zero zeta potential by adsorbed phosphate 
was observed for TS-O ZrO2 (fig 4.2(b)) and AA07 α-Al2O3 (fig 4.2(c)) dispersions. 
The isoelectric point of this ZrO2 is located at pH 5.5 while that for AA07 α-Al2O3 is 
located at pH 9.5.  
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Fig 4.2(b) The zeta potential vs pH behavior of 5 wt% ZrO2 dispersion under the 
influence of sodium phosphate. 
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Fig 4.2(c) The zeta potential vs pH behaviour of 5 wt% AA07 α-Al2O3 dispersion 
under the influence of sodium phosphate. 
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So the pH region where the adsorption of phosphate is almost 100% occurred in the 
positively charge region of the particles for both α-Al2O3 and ZrO2.  This result is 
consistent with expectation. The adsorption process is driven by the strong 
electrostatic attraction between the negatively charged phosphate ions and positively 
charged sites on the particles. However the amount absorbed remained quite high at 
pH just above the isoelectric point. For example at pH 10, the amount adsorbed is ~ 
60% at 0.2 %dwb phosphate. There must be positively charged sites remaining on the 
particles at this pH. Similarly, the adsorption of phosphate remained quite high in the 
negatively charged regime for ZrO2 but the trend shows sharp decrease from 90% 
adsorbed to 35% as the pH increased from 6 to 10.0.   
 
At 0.2dwb% phosphate and 100% adsorption, the surface coverage is 76 Å2 per 
phosphate for AKP30 α-Al2O3 and 182 Å2 per phosphate ions for TS-O ZrO2. For 
AA07 α-Al2O3 the surface coverage is much higher, 27 Å2 per phosphate. A 
phosphate head group has a mean cross-sectional area of 40 Å2. This means a state of 
monolayer coverage of phosphate for AA07 α-Al2O3. The different degree of surface 
coverage is due to a difference in the specific surface area of the different oxide 
particles. The specific surface area is 2.3, 6.4 and 15.4 m2/g for AA07, AKP30 α-
Al2O3, and TS-O ZrO2 respectively.  The ZrO2 used has the largest surface area. The 
higher surface area means that the ZrO2 particles can accommodate more phosphate 
ions before reaching saturation coverage.   
 
Phosphoric acid exists as four different species; neutral H3PO4, H2PO4-, HPO42- and 
PO43- . The relative concentration of these species is governed by the pH of the 
solution.  The phosphate species-pH plot is shown in Fig 4.3.  
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Fig 4.3.  The distribution of phosphate species as a function of pH. 
 
At pH 9, the fraction of HPO42- is close 100%, and at pH 7.3, the fraction is 50% 
HPO42- and 50% H2PO4-. The neutral H3PO4 only becomes the dominant species at 
pH less than 2.5.   The species that are adsorbed on α-Al2O3, and ZrO2 particles at pH 
more than 3.0 are HPO42- and H2PO4-. When a H2PO4- ion is adsorbed on a positive 
surface site, a neutral species is formed. 
 
At low phosphate concentration, the shift in the pH of zero zeta potential is small. As 
the total negative charge of the added phosphate ions is small, the amount of positive 
particle charge to neutralise them is therefore similarly small.  A slight downward 
shift in pH from the isoelectric point is sufficient to generate the necessary amount of 
these positive charges. At a higher phosphate concentration, a larger decrease in pH is 
required to produce enough positive charges to neutralize the total phosphate charges.  
As a result, the shift in the pH of zero zeta potential is much larger. 
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The yield stress-pH behavior of 55 wt% AKP-30 α-Al2O3 dispersion at various 
sodium phosphate concentrations is shown in Fig 4.4(a).    
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Fig 4.4(a)  Yield stress versus pH behavior of 55 wt% AKP30 α-Al2O3 dispersion 
under the influence of sodium phosphate. 
 
The additive concentration evaluated ranged from 0.05 to 0.75 %dwb.  In the absence 
of additives, the dispersion displayed yield stress-pH behavior in the flocculated 
regime that is parabolic in feature. It is also characterized by two complete dispersion 
regions, at a pH below 6.6 and above 11.5.  At the peak of the parabola is the 
maximum yield stress, τy,max, which is 280 Pa located at pH ~ 9. The pH at τy,max 
coincides with the isoelectric point of the α-Al2O3.  At this pH only one force 
contributed to τy,max,, and that is the van der Waal attractive force. The agreement 
between pH of maximum yield stress and isoelectric point (IEP) is consistent with 
previous work on AKP30 α-Al2O3 [Zhou et al., 2001; Leong, 2007; Ong et al., 2008; 
Johnson et al., 2005; Leong and Ong, 2003]. 
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Like the pH of zero zeta potential, the pH of τy,max is shifted progressively to a lower 
pH with increasing phosphate concentration.  This is because the attractive force is 
highest when the repulsive force is at its lowest i.e. zero zeta potential.  The adsorbed 
phosphate did not decrease the τy,max of AKP30 α-Al2O3  dispersion. Instead it was 
increased slightly from 280 to 320 Pa by 0.3 %dwb phosphate. The pH range where 
τy,max occurs for a phosphate concentration of 0.05 %dwb to 0.3 % dwb is between 4.5 
to 8.  From the phosphate species chart in Fig 4.3, the species present is 
predominantly HPO42- at the higher pH of 8 and gradually being converted to H2PO4- 
as it approaches pH 4.5.   
 
Unlike AKP30 α-Al2O3 dispersion, adsorbed phosphate decreased the magnitude of   
τy,max of TS-O ZrO2 dispersion, as shown in Fig 4.4(b).   
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Fig 4.4(b)  Yield stress versus pH behavior of 55 wt% TS-O ZrO2 dispersion under 
the influence of sodium phosphate. 
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Leong et al. [1993] reported a similar decrease by adsorbed phosphate for another 
zirconia dispersion. Like AKP30 α-Al2O3 dispersion, adsorbed phosphate increases 
the τy,max  of  AA07 α-Al2O3  dispersions as seen in Fig 4.4(c). The extent of the 
increase is in fact slightly larger.  The τy,max increased from 260 Pa to 300 Pa as 
phosphate concentration increased from 0 to 0.3 %dwb.  This would mean the 
presence of an attractive force other than vdw’s is present. 
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Fig 4.4(c)  Yield stress versus pH behavior of 55 wt% AA07 α-Al2O3 dispersion 
under the influence of sodium phosphate. 
 
The relative effect of the adsorbed phosphate on the maximum yield stress of the 
different oxide dispersions is shown Fig 4.5. It shows the plot of τy,max(phosphate 
additive)/ τy,max(no additive) against the phosphate concentration (%dwb) for AKP30 
and AA07 α-Al2O3, and TS-O ZrO2.  When the ratio value is greater than 1, it means 
that adsorbed phosphate increased the maximum yield stress. This means that the 
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adsorbed phosphate gives rise to a relatively strong additional attractive force. When 
the value is less than 1.0, the adsorbed phosphate produces a more pronounced steric 





































Fig 4.5  Plot of τy,max(phosphate additive)/ τy,max(no additive) against the phosphate 
concentration (%dwb) for AKP30 and AA07 α-Al2O3, and TS-O ZrO2. 
 
For AA07 α-Al2O3, the ratio value increases initially to about 1.2 before decreasing to 
1.1 at phosphate concentration of 0.3 %dwb.  For ZrO2, the ratio was lower than 1 for 
all concentrations of phosphate. Thus adsorbed phosphate produced a much stronger 
attraction in AA07 α-Al2O3 than in either AKP30 α-Al2O3 or ZrO2. In AKP30 α-
Al2O3 dispersion, the additional attractive force arising from adsorbed phosphate is 
exactly counterbalanced by the steric interactions of adsorbed layers. This is however 
not true for TS-O ZrO2 dispersions, where the steric interactions produced a much 
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greater effect. In summary, the result showed that the lower the specific surface area, 
the stronger is the attractive force arising from the adsorbed phosphate. Intermolecular 
hydrogen bonding between adsorbed phosphate molecules on the interacting particles 
could give rise to this additional attractive force. The low pH at the maximum yield 
stress ensured the presence of –OH group in the adsorbed phosphate for such 
interaction. 
 
All adsorbed additives will form a physical barrier that will increase the minimum 
separation distance between interacting particles in the flocculated state. Adsorbed 
phosphate will increase the minimum interparticle separation distance between the 
flocculated particles thereby reducing the strength of the van der Waals attraction and 
hence the lower τy,max.  This reduction in τy,max has been observed in this work and  
previous works by Johnson et al. [2005] who worked with low molecular weight 
anions on alumina and Leong et al. [1993]  who worked with small molecule anions 
additives on zirconia.  Adsorbed phosphate produced a much stronger steric effect in 
TS-O ZrO2 dispersion because its particles have a very rough surface morphology as 
indicated by its high specific surface area.  Although this ZrO2 has the same mean 
particle size of 0.7 μm as AA07 α-Al2O3, it however has a much larger specific 
surface area of 15.4 m2/g.  It is 6.7 times larger than AA07 α-Al2O3 and 2.4 times that 
of AKP30. This ZrO2 must have a very porous or rough surface. Phosphate ions that 
are adsorbed in the pores will not be able to participate in bridging effectively, as they 
are not close enough to interact with the neighboring particles.  As a result the density 
of hydrogen bonding between adsorbed phosphate ions on the interacting particles is 
expected to be low. This additional interparticle attraction is relatively weak and not 
adequate in countering the negative effect of the steric interaction. The net result is a 
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weaker van der Waals attractive force and hence the lower maximum yield stress. 
 
In contrast for low surface area AA07 α-Al2O3, the surface coverage at 0.1dwb% 
phosphate is almost monolayer and the interacting particles can come much closer 
together allowing a high density of hydrogen bonding to form (Khoo et al., 2009).  
For this type of relatively weak attractive interaction to increase the yield stress 
significantly, the density of the hydrogen bonding interactions must be high. 
 
It is generally agreed that phosphate is specifically adsorbed on hydroxylated 
inorganic materials by a ligand exchange mechanism, i.e. inner sphere complexation 
[He et al., 1997, Beek and van Riemsdijk, 1979; Sparks, 2003].  Through the ligand 
exchange mechanism, the phosphate surface complex formed may be monodentate, 
bidentate or binuclear complexes [Goldberg and Sposito, 1985]. Goldberg and Sposito 
[1985] suggested that while it is reasonable that a binuclear, bridging surface complex 
is formed on dry phosphated minerals, it is likely that in aqueous solution, the 
formation of monodentate surface complex would be favored.   
 
Adsorption of the mono-ionic species of phosphate as monodentate surface complex 
will produce a neutral species with two –OH groups.  These two –OH groups can 
participate in hydrogen bonding with similar species adsorbed on a second interacting 
particle. Khoo et al. [2009] employed CambridgeSoft molecular modeling software, 
ChemUltra 10, subjected to MM2 energy minimization condition to obtain the 
conformation of H2PO4-. A hydrogen bonding model was drawn to show the 
interaction between two adsorbed neutral phosphate molecules.  Such hydrogen bond 
interactions could increase the net interparticle attractive force and hence the yield 
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stress of the dispersion. This could explain the very gradual increase in the maximum 
yield stress of AKP30 α-Al2O3 dispersions as phosphate concentration increases from 
0 to 0.75 %dwb. 
 
This study has provided substantive evidence confirming our earlier postulation 
[Khoo et al. 2009] that a low specific particle surface area is essential for producing a 
high density for intermolecular hydrogen bonding between adsorbed phosphate 
molecules at high surface coverage. This resulted in a significant increase in the 
interparticle attractive force and hence the maximum yield stress.  
 
4.2  Effects of adsorbed pyrophosphate and citrate on the interparticle forces 
The adsorption behavior of pyrophosphate and citrate on AKP30 α-Al2O3 is shown in 
Fig 4.6.  The behavior of pyrophosphate is very similar to that of phosphate, reaching 
100% adsorption at pH 8.7. With citrate, it reached a maximum adsorption of 91% at 
around pH 6.   
 
62 
                                                                                                                          Chapter 4 
pH



















Fig 4.6  The Effect of  pH on the adsorption behavior of pyrophosphate and citrate on 
20 wt% AKP 30 α-Al2O3 . 
 
The effect of sodium pyrophosphate on the zeta potential-pH behaviour of 5 wt% 
AKP30 dispersion is shown in Fig 4.7. The effect is very similar to that observed with 
the sodium phosphate additive. The pH of zero zeta potential is shifted by adsorbed 
pyrophosphate and the extent of the shift increases with the additive concentration. It 
is shifted to pH 7.2 at 0.1 %dwb sodium pyrophosphate and to a lower pH of 5.5 at 
0.24 %dwb pyrophosphate. 
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Fig 4.7 The zeta potential vs pH behavior of 5 wt% AKP30 α-Al2O3 dispersion under 
the influence of sodium pyrophosphate. 
 
Fig 4.8 shows the effect of pyrophosphate additives on yield stress-pH behavior of 55 
wt% AKP30 α-Al2O3 dispersion. Adsorbed pyrophosphate decreases the τy,max in 
addition to shifting its location to a lower pH. The τy,max of the dispersion decreases 
from 300 Pa to 177 Pa when pyrophosphate concentration is increased from 0 %dwb 
to 0.1 %dwb.  Further increase in pyrophosphate concentration did not change the 
τy,max. It remains quite constant, at around 180 Pa. This decrease in τy,max would 
suggest that intermolecular hydrogen bond bridging interaction between adsorbed 
pyrophosphate ions  is very weak or relatively unimportant. The conformation 
structures of the different pyrophosphate ionic species may be able to shed light on 
the lack of intermolecular hydrogen bonding. 
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Fig 4.8  Yield stress versus pH behavior of 55 wt% AKP30 α-Al2O3 dispersion under 
the influence of sodium pyrophosphate. 
 
Depending on the pH of the dispersion, pyrophosphate can exist in the following form 
in solution; H4P2O7, H3P2O7-, H2P2O72-, HP2O73- or P2O74-.  The species diagram for 
pyrophosphate is shown in Fig 4.9.  Between pH 5 to 8 where τy,max occurs, 
pyrophosphate will be in the form of H2P2O72- and HP2O73-. 
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Fig 4.9.  The distribution of pyrophosphate species as a function of pH. 
 
The conformational structures of H3P2O7-, H2P2O72- and HP2O73- are shown in Fig 
4.10 (a), (b) and (c). The structures of H3P2O7- and H2P2O72- do not have features that 
are ideal for particle bridging. The two –OH groups of H2P2O72- formed 
intramolecular hydrogen bonds with its two charged oxygen groups. However one of 
the structures of HP2O73- has feature suitable for particle bridging especially when it is 
adsorbed upright. At the upright conformation, the adsorbed HP2O73- can bridge 
particles via unlike charge-charge attraction as shown in Fig 4.10(c) I). If it is 
adsorbed lying flat then it is unsuitable to bridge particles as shown in Fig 4.10(c) II). 
Leong et al. [1993] studied the effect of different chain length polyphosphates on the 
yield stress-pH behavior of zirconia dispersions and they came to the conclusion that 
adsorbed polyphosphates, including pyrophosphate, adopt a flat configuration on the 
particle surface.   
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Fig 4.10(a) pyrophoshoric acid monoion (H3P2O7-)  
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Fig 4.10(c) pyrophosphoric acid tri-ion (HP2O73- ) 




Fig 4.10(c) II) non-bridging conformation 
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Citric acid causes the pH of zero zeta potential to shift to a higher degree as seen in 
Fig 4.11.  With a concentration of 0.1 dwb%, the pH of zero zeta potential for AKP30 
was shifted from 9 to 6.6. At a concentration of 0.4 dwb% and 0.7dwb%, the zeta 
potential behaviour is almost similar.  This would suggest that saturation is reached at 
a concentration of 0.4 dwb% with a pH of zero zeta potential at 3.5. 
 
pH


























Fig 4.11. The zeta potential vs pH behavior of 5 wt% AKP30 α-Al2O3 dispersion 
under the influence of citric acid. 
 
Like pyrophosphate, the τy,max generally decreases with increasing concentration of 
citric acid as shown in Fig 4.12.  The lowering of the τy,max with increasing 
concentration of citric acid is consistent with those observed in other works [Leong, 
2002; Johnson et al., 2005]. By increasing the concentration of citric acid from 0 to 
0.1 dwb% and then to 0.4dwb%, the yield stress decreases from 290 Pa to 130 Pa and 
then to 150 Pa.  The decrease in τy,max is attributed to the steric effect caused by the 
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adsorbed citrate.  Intramolecular hydrogen between the -OH group and the carboxylic 
acid group occurred in the adsorbed citrate. This behavior is unfavourable for bridging 
[Khoo et al 2009].  The increase in yield stress at 0.4 dwb% is a trend that is observed 
in many works [Johnson et al, 2005; Leong, 2007] when the concentration of the 
additives are high.  At such concentration, other attractive forces are involved.  This is 
not within the scope of our studies but is an interesting phenomenon that warrants 
further investigation.   
 
Fig 4.12  Yield stress versus pH behavior of 55 wt% AKP30 α-Al2O3 dispersion 
under the influence of citric acid. 
 
4.3  Yield Stress - Zeta Potential Relationship 
Adsorbed additives may introduce a range of non-DLVO forces such as steric, 
bridging, hydrophobic and charge patch forces. These non-DLVO forces may or may 
not affect the linear relationship between yield stress and zeta potential squared. As 
we saw in the earlier chapter, short-range steric force does not affect the linear 
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relationship [Johnson et al., 2005; Ong et al. 2008], but it does decrease the value of 
the critical zeta potential. It is however unclear that the intermolecular hydrogen bond 
bridging force will affect the linear relationship and the magnitude of the critical zeta 
potential.    
Figure 4.13(a) shows the relationship between yield stress and the square of zeta 
potential relationship for AKP30 dispersions with and without sodium phosphate 
additive. All dispersions, with and without the additive, displayed a linear relationship 
and appeared to yield a “common” intercept value of 1600 mV2. This intercept value 
characterizes the point of transition from flocculated to dispersed state [Leong and 
Ong, 2003] and is in good agreement with earlier value observed for this oxide 
dispersion [Zhou et al., 2001].   
zeta potential squared (mV2)






















Fig 4.13(a) The yield stress vs square of zeta potential behavior of AKP30 α-Al2O3 
dispersion under the influence of sodium phosphate. 
 
The critical zeta potential characterizing this state is therefore 40 mV. The non-DLVO 
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hydrogen bond bridging force arising from the adsorbed phosphate did not affect the 
linear yield stress-DLVO force model and the value of the critical zeta potential. The 
bridging effect of the hydrogen bond force should increase the value while the steric 
effect should decrease it. So these two opposing effects must have exactly cancelled 
out to explain the lack of change in the critical zeta potential value by the adsorbed 
phosphate.   
 
For TS-O ZrO2 dispersions, the critical zeta potential is 43.0 mV as shown in Figure 
4.13(b).  However, the addition of sodium phosphate caused a small reduction in the 
critical zeta potential value. At 0.1 and 0.2 dwb% sodium phosphate, the value is 41.5 
and 40.9 mV respectively. In these dispersions, the steric effect dominates over the 
intermolecular hydrogen bonding effect.  
zeta potential squared (mV2)




















Fig 4.13(b) The yield stress vs square of zeta potential behavior of TS-O ZrO2 
dispersion under the influence of sodium phosphate. 
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For AKP30 with pyrophosphate additives at 0.05 and 0.1 dwb%, the critical zeta 
potential is 35.0 and 32.1 mV respectively. See Fig 4.13(c). In this case, the hydrogen 
bond bridging formed between the adsorbed pyrophosphate layers of the interacting 
particle does not exactly compensate for the steric effect. At 0.15 dwb% however, the 
critical zeta potential increases unexpectedly to 38 mV.   
zeta potential squared (mV2)





















Fig 4.13(c) The yield stress vs square of zeta potential behavior of AKP30 α-Al2O3 
dispersion under the influence of sodium pyrophosphate. 
 
Citric acid also decreases the critical zeta potential of AKP30 dispersion significantly.  
At 0.1 and 0.4 dwb%, the critical zeta potential is 32.2 and 33.5 mV respectively, 
which can be inferred from Fig 4.13(d).  
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Fig 4.13(d) The yield stress vs square of zeta potential behavior of AKP30 α-Al2O3 




Smooth or low surface area particles with high surface coverage of adsorbed 
phosphate, enable a high density of hydrogen bond interactions between adsorbed 
phosphate species at low pH resulting in a higher than expected τy,max. Thus adsorbed 
phosphate additive increases the τy,max of AKP30 and AA07 dispersions by particle 
bridging via hydrogen bonding. No increase in τy,max was observed for zirconia 
dispersions consisting particles with very rough surface morphology.  Phosphate ions 
that are adsorbed in the pores of zirconia particles are unable to interact with each 
other via hydrogen bonding, thereby reducing the density of hydrogen bond 
interaction. Pyrophosphate decreases the τy,max of AKP30.  This is due to the adsorbed 
ions lying flat on the particle surface and the presence of intramolecular hydrogen 
bonding.  Citrate additive produces the same response as pyrophosphate.  The linear 
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relationship between yield stress and square of zeta potential was not affected by non-
DLVO forces arising from the adsorbed phosphates, pyrophosphate and citrate 
additives. These non-DLVO forces are steric and intermolecular hydrogen bonding 
forces. The change in the critical zeta potential value reflects the relative effect of 
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Chapter 5: Interparticle forces in spherical monodispersed silica 
dispersions: Effects of branched polyethylenimine and molecular 
weight 
(Ong, B.C., Leong, Y.K., Chen, S.B., Journal of Colloid and Interface Science, 
337 (2009) 24-31) 
 
There have been a few studies on the surface properties of silica in the presence of 
PEI.  Meszaros et al [2002; 2004] studied the effect of pH and ionic strengths on the 
adsorption and desorption of branched PEI of Mw 750000 on silica wafers using 
reflectometry and electrokinetic measurements.  Results showed significant charge 
reversal occurring with the addition of PEI and an increasing amount of PEI adsorbed 
on the silica wafer with increasing pH.  Poptoshev and Claesson [2002] used surface 
force measurement technique to study the interaction forces between glass surfaces 
with adsorbed PEI of Mw 70,000 in aqueous solution.  They showed that at certain 
concentrations of PEI, charge reversal occurs and bridging attraction was detected at 
separations below 10 nm.  Dixon et al [1974] studied the amount of radioactive 
carbon tagged  linear PEI of Mw 2840 and branched PEI of Mw 17100 required for 
the flocculation of 5 μm silica particles in water at pH of 4 and 7. 
 
However the effect of these surface forces arising from adsorbed PEI on the 
rheological yield stress of dispersions has not been investigated.  The use of this 
additive to achieve optimal processing of dispersion and slurry requires a good 
understanding of the relationship between the surface forces and, the yield stress and 
slurry behaviour. In this chapter, the effect of branched PEI of different molecular 
weight on the surface forces between silica particles in water will be investigated 
through the measurement of yield stress and zeta potential of colloidal suspensions.   
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5.1  Zeta Potential  
The effects of the concentration of PEI of Mw 600, 1800 and 70000 on the zeta 
potential of 5wt% silica dispersions are shown in Fig 5.1(a), (b) and (c).  The same 
concentration of 0.05, 0.1, 0.2 and 0.4 dwb% (gPEI/100g silica) were evaluated for all 
three Mw PEI. In general, all three PEI caused the zeta potential-pH curve to shift to a 
higher pH. The degree of shift increases with PEI concentration. The pH of zero zeta 
potential is, for any given concentration, nearly independent of PEI Mw.   
 
 
Fig 5.1(a)  The zeta potential-pH behaviour of 5wt% silica dispersions under the 
influence of PEI of Mw 600. The conductivity of silica dispersions is  ~3mS. 
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Fig 5.1(b)  The zeta potential-pH behaviour of 5wt% silica dispersions under the 




Fig 5.1(c)  The zeta potential-pH behaviour of 5wt% silica dispersions under the 
influence of PEI of Mw 70000. The conductivity of silica dispersions is  ~3mS. 
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In the absence of PEI, the zeta potential of the silica was found to be negative for 
most pH range, increasing in magnitude with pH.  The zeta potential is very close to 
zero at pH between 2.0 and 3.5. Its magnitude is less than 5 mV at pH 4.0.  The zeta 
potential approaches nearly asymptotically an isoelectric point (pI) in the 
neighbourhood of pH 2.7. This pI is in good agreement with values in the vicinity of 
2.0 to 3.0 previously reported for silica powder dispersed in aqueous media [Wilhelm 
and Stephen, 2006; Sieger et al, 2004] while Leong [2005] has reported that a charge 
reversal was not observed.  
 
In the pH region of between 2 and 3.5, the effect of PEI on the zeta potential is either 
absent or very small. For PEI of Mw 600 and 1800, the effect is absent, i.e. the zeta 
potential remained close to zero. This strongly suggests no or insignificant PEI 
adsorption at this pH for these Mws. For PEI of Mw 70000, a small amount of PEI 
remained adsorbed. This is reflected by a small positive zeta potential despite the PEI 
being almost fully charged in this pH region. 
 
Above pH 3.5, the zeta potential increased rather sharply to a maximum value located 
at pH between 4.0 and 6.0 depending upon the PEI concentration. The location of this 
maximum zeta potential is shifted increasingly to a higher pH with PEI concentration. 
The magnitude of this maximum potential also increases with PEI concentration. 
Beyond this pH, the zeta potential decreases and a second charge reversal was 
observed. Also, the pH of zero zeta potential, pHζ=0, is shifted increasingly to the 
more alkaline pH with PEI concentration. With reference to Fig 5.1(a), the zeta 
potential-pH curve for 0.05dwb% PEI showed a pHζ=0 located at 6.1 with a maximum 
zeta potential of only 11.5 mV at pH ~ 5.2. The curve for 0.4dwb% PEI showed a 
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pHζ=0 of 10.0 and a corresponding maximum zeta potential of 54 mV located at pH 
~6.  An 8-fold increase in PEI concentration led to a 5-fold increase in the maximum 
zeta potential. An almost identical behaviour was observed with PEI of Mw 1800 
shown in Fig 5.1(b). A similar behavior was observed with PEI of Mw 70000, 
however, the maximum zeta potential of 0.2 and 0.4 dwb% PEI are almost the same. 
See Fig 5.1(c). 
 
If branched polyelectrolytes are adsorbed via non-electrostatic surface affinity 
mechanism, overcompensation of surface charge occurs [Claesson et al, 2005]. This 
mechanism may be responsible for adsorption of polyelectrolyte on same charge 
surface. Usually the amount adsorbed is much lower than when their charges are 
dissimilar [Zhu et al, 2007].  Adsorption of positively charged PEI on negatively 
charged silica caused the zeta potential-pH curve to shift to a higher pH. The majority 
of the adsorption bonds are formed by electrostatic attraction between positively 
charged groups in the polyelectrolyte and negatively charged sites on the silica 
particle. At low PEI concentration, the total number of positively charge group is 
small. So the amount of negatively charged sites on the silica particles needed to 
neutralise these positive charges of the polyelectrolyte are therefore low.  With most 
metal oxides, a small shift to a higher pH from the pI is enough to generate sufficient 
negative charge to neutralise the polyelectrolyte charge. This silica however has a 
very low charge density at pH between 2 and 4. Thus a much higher pH is required 
for the silica to generate sufficient charges to neutralise the total positive charge of 
0.05dwb% PEI. This explains the relatively high pH of zero zeta potential at 6.1, a 
change of 3.7 pH units. The rapid increase in the magnitude of the silica’s zeta 
potential at pH above 4 suggests a similar rapid increase in the silica charge density. It 
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was reported that the degree of dissociation of the silanol group also increases when 
cationic polyelectrolyte is adsorbed. [Shubin and Linse, 1997; Lundin et al, 2008]. 
This will further increase the charge density of the silica and will further decrease the 
rate of increase in the pH of zero zeta potential with PEI concentration. The results 
clearly show a smaller increase in the pH of zero zeta potential with every doubling of 
the PEI concentration. For example, the pH of zero zeta potential at 0.1dwb% PEI was 
only about 1.2 pH unit more than that for 0.05dwb% PEI for all Mws. 
 
From pH 3 to the maximum zeta potential, the amount of PEI being adsorbed 
increased from zero to a maximum. At the pH of maximum zeta potential, the amount 
of PEI adsorbed is expected to be a 100%.  Literature adsorption data of PEI on silica 
suggested that this is the case [Meszaros et al, 2002].  Note that more than 50% of the 
functional groups are still charged as the degree of protonation is 0.5 at pH 8.  
 
The adsorption density at 0.05, 0.1, 0.2 and 0.4dwb% PEI is 0.04, 0.08, 0.16 and 0.32 
mg.m-2 respectively at complete adsorption. Complete adsorption is expected at the 
pH of maximum zeta potential if Meszaros et al’s [Meszaros et al, 2002] adsorption 
data for PEI of Mw 750000 on silica are applicable here. They obtained adsorption 
density of 0.87, 0.77, 0.48, 0.27 and 0.2  mg.m-2  at pH of 10.8, 9.8, 7.4, 4.8 and 2.9 
respectively at an ionic strength of 0.01M NaCl. This ionic strength is similar to that 
found in the dispersions used here for zeta potential and yield stress measurements. 
The equilibrium adsorption density also increased with ionic strength [Meszaros et al, 
2002, 2004]. Meszaros et al [Meszaros et al, 2004] also found no desorption if the pH 
was reduced from 9.7 to 5.8. However if the pH was reduced to 3.3, desorption 
returned the adsorption density to its equilibrium value at pH 3.3.  Based on Meszaros 
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data, the equilibrium adsorption density is always more than the amount of PEI used 
at each concentration and Mw at the pH of maximum zeta potential  This means that 
the amount of PEI adsorbed is 100% at the pH of maximum zeta potential and above 
as the equilibrium adsorption density increased with pH.  
 
The surface coverage at complete adsorption is 183, 91, 46 and 23 Å2 per amine 
functional group at 0.05, 0.1, 0.2 and 0.4 dwb% PEI. This coverage represents only 
14, 29 and 57% at 0.05. 0.1 and 0.2 dwb% PEI respectively calculated using a 
monolayer coverage value of 26 Å2 per  amine functional group. Zhu et al [Zhu et al, 
2007] proposed an equation to calculate surface coverage of PEI based on the pI of 
silica, point of zero charge of PEI and the pH of zero zeta potential of the dispersions. 
They tried it with PEI adsorption on silicon nitride. Silicon nitride particles in water 
react to form a surface layer of amorphous silica.  With α-Si3N4 of similar BET area 
of 11.1m2.g-1, Zhu et al [Zhu et al, 2007] estimated from the pH of zero zeta potential 
data that the surface coverage of PEI at 0.1, 0.2 and 0.4 dwb% to be 15, 55 and 80% 
respectively. However, the isoelectric point of their α-Si3N4 is at pH 6.0. Their 
equation severely overpredicted the surface coverage for the silica in this study. For 
example, the surface coverage obtained at 0.1dwb% PEI was greater than 50%, much 
more than the coverage assuming 100% adsorption.  However based on the adsorption 
data of PEI 750000 reported by Meszaros et al [Meszaros et al, 2002], the surface 
coverage at pH 10 (close to the pH of zero zeta potential) with an adsorption density 
of 0.8 mg.m-2,is much greater than monolayer coverage. This is only possible if 
multilayer adsorption is occurring. 
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A plot of pHζ=0-pI against log CPEI for all three Mw is shown in Fig 5.2.  CPEI is the 
concentration of PEI added in g/100g SiO2.  An almost identical linear relationship is 
obtained for all three PEI. At any given PEI concentration, the pHζ=0-pI values for PEI 
of Mw 600 and 1800 are almost identical. It is expected that the Mw 70000 PEI would 
have a higher degree of branching and yet this did not affect the shift in the pHζ=0. The 
result shows that the size and Mw of PEI has no effect on the extent of the pHζ=0 shift 
at a given PEI concentration where the number of repeating units is constant.  The 
amount of OH- ions required to neutralise the surface charges are similar since the 


















Fig 5.2 The relationship between pIpH −=0ζ   and PEI concentration. pI  is the 
isoelectric point of silica.  
 
For PEI with Mw 600 and 1800, the zeta potential at all PEI concentration approached 
the value of the silica’s zeta potential of ~-70mV at pH above 12.5.  At this pH range, 
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there is no adsorption of PEI of Mw 600 and 1800 since PEI is not protonated.  With 
Mw 70000 however, the magnitude of the zeta potential decreases with increasing PEI 
concentration and is significantly different to the silica’s zeta potential. The zeta 
potential is -57, -50, -38 and -24 mV for 0.05, 0.1, 0.2 and 0.4dwb% PEI at pH 12.5.  
It clearly shows that high molecular weight PEI is able to adsorb itself onto silica even 
though it is not protonated. 
 
5.2  Yield Stress 
The yield stress versus pH behaviour of 50wt% silica dispersions showing the effect 
of PEI concentration for Mw 600, 1800 and 70,000 are shown in Fig 5.3(a), (b) and 
(c) respectively. The ionic strength in the dispersions is of the order of 0.01M of a 1:1 
electrolyte. In all cases the yield stress-pH curve is shifted to a higher pH with PEI 
concentration and the maximum yield stress is much higher than that without PEI. 
The shift is consistent with the change in silica surface chemistry observed earlier as 
indicated by the progressive shift in the zero zeta potential to a higher pH. In most 
cases, the yield stress behavior occurs within the zeta potential range of ±30 mV for 
PEI concentration up to 0.4dwb%.   
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Fig 5.3(a) The yield stress-pH behaviour of 50 wt% silica suspensions under the 
influence of PEI of Mw 600. 
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Fig 5.3(b) The yield stress-pH behaviour of 50 wt% silica suspensions under the 
influence of PEI of Mw 1800. 
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Fig 5.3(c) The yield stress-pH behaviour of 50 wt% silica suspensions under the 
influence of PEI of Mw 70000. 
 
The yield stress-pH behavior of silica dispersion without additives is shown in Fig 
5(a). Flocculation occurred at pH below 6 as indicated by the presence of a yield 
stress. However the yield stress is very low in the flocculated pH region.  The 
maximum yield stress value is only 11.5 Pa at pH 2.7 and this yield stress remains 
fairly constant up to pH 2.0.  Silica has a particularly low Hamaker constant in water 
of about 4.3 zJ or ~1kT at 25oC [Fernandez-Varea and Gracia-Molina, 2000]. This 
means that the van der Waals attraction between silica particles in the flocculated state 
is very weak compared with most other oxides [Sieger, 2004]. Direct force 
measurements also found short-range repulsive hydration forces for interactions 
between silica surfaces [Chapel, 1994; Voon and Vivek, 1998]. According to Healy 
[Healy, 1994] the surface of silica particles may contain a layer of polysilicic acid 
acting as a steric barrier.  Yaminsky et al [1998] has also assumed the repulsive force 
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to be of steric origin. This short range steric force, if present, will increase the 
minimum separation distance of interaction between the silica particles further 
weakening the van der Waals attraction.  
 
Figure 5.3(a) shows that the addition of 0.05 dwb% of PEI of Mw 600 caused the 
dispersion to exhibit a yield stress behavior over a narrow pH range of between 4.6 
and 7.6 and a very large maximum yield stress of 260 Pa. This represents a 22-folds 
increase over that without additives.  At 0.1dwb% PEI the maximum yield stress has 
the same magnitude but located at a slightly higher pH. At 0.2dwb% PEI, this stress is 
even larger, 480Pa, representing a 42 times increase. However at 0.4dwb% this yield 
stress displayed a slight decrease to 467 Pa. These increases clearly the presence of 
non-DLVO attractive forces as a result of PEI adsorbed onto silica.  The pH location 
of this yield stress increases with PEI concentration. It is 6.4, 7.5, 8.4 and 9.8 at 0.05, 
0.1, 0.2 and 0.4 dwb% PEI respectively. The onset of flocculation in the low pH 
region also increased with PEI concentration. The pH at this onset is 4.6 at 0.05 
dwb% PEI increased to 6.4, 7.0 and 8.8 at 0.1, 0.2 and 0.4dwb% PEI. Similarly, the 
corresponding deflocculating pH at the high pH region increased from 7.6 to 8.4, 9.5 
and 10.7. The higher maximum yield stress at 0.2dwb% was also observed with the 
other two PEI of different Mw.  
 
The yield stress-pH results obtained with PEI of Mw 1800 shown in Fig. 5.3(b) are 
quite similar to that of Mw 600. Again the maximum yield stress of 462 Pa at 0.2 
dwb% PEI is slightly larger than the 440Pa at 0.4 dwb% PEI. However, none of these 
is larger than the 480Pa obtained with the Mw 600. Unlike the Mw 600, the maximum 
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yield stress at 0.1 dwb% PEI of 320 Pa is much larger than the 190 Pa at 0.05dwb% 
PEI.  
 
The effect of PEI of Mw 70000 on the yield stress-pH behavior of silica dispersions is 
shown in Fig. 5.3(c). Compared with the other two PEIs, there are similarities and 
some differences.  The similarities are obvious. One of the differences is that the 
maximum yield stress is much larger at any given PEI concentration. At 0.05 and 
0.1dwb% PEI, the maximum yield stress is 292 and 479 Pa respectively. At 0.2 
dwb%, this yield stress is much higher, 780 Pa or 68 times more than that without the 
additive.  However at 0.4 dwb%, this stress is significantly smaller, 596 Pa. Also, the 
yield stress-pH curve for 0.05 and 0.1dwb% PEI is much broader with a flattened 
peak. So the exact location of pH of maximum yield stress is not as clear. The 
dispersion is flocculated at pH between 3 and 9 for both PEI concentrations. The yield 
stress peak sharpened as the concentration of PEI increases.  
 
The effect of PEI Mw on the maximum yield stress is shown in Fig 5.4 which is a plot 
of the ratio of maximum yield stress with PEI to that without as a function of polymer 
concentration. At any given PEI concentration, the largest maximum yield stress ratio 
was observed with the 70000 Mw additives. The difference in the ratio is small for 
Mw 600 and 1800 at any given PEI concentration. The rate of increase in the ratio 
from 0 to 0.2dwb% PEI is much more rapid for the Mw 70000 polymer. The 
difference in the ratio value at low and high PEI concentration is smaller between low 
and high Mw PEI. 
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PEI Concentration (g of PEI/100g SiO2 )

























Fig 5.4: Plot of τymax(PEI)/τymax(noadd)  versus PEI Concentration in g PEI/100g SiO2 
 
The variation of maximum yield stress with PEI concentration appears to mirror the 
pull-off force reported by Claesson et al [1997] and, Poptoshev and Claesson [2002]. 
Claesson et al. observed an optimum PEI concentration where the pull-off force is 
maximum. The optimum concentration is 20ppm. The pull-off force is 40, 100-250, 
330 and 135 mN/m at 0, 10, 20 and 50 ppm of PEI. In a later work, Poptoshev and 
Claesson reported that the pull-off force for interaction between two large glass 
spheres is quite constant between 1 to 5 ppm of PEI and then it decreases quite 
sharply with further increase in PEI concentration.  Claesson et al attributed the large 
pull-off force at low PEI concentration to polymer bridging of the mica sheets. The 
smaller pull-off force at 50 ppm PEI was due to less favorable bridging condition at 
high surface coverage. Dediniate et al [2004] observed that the pull-off force between 
mica sheets with adsorbed PEI layer is smaller at higher ionic strength. The adhesion 
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force reduced from 65 mN/m at 0.1mM NaCl to 20 mN/m at 10mM NaCl for 20ppm 
PEI concentration. Claesson and coworkers also studied asymmetric interaction 
between a PEI coated mica sheet and a bare mica sheet. Strong attraction was 
measured at separation of 100nm that cannot be explained by an ordinary attractive 
double-layer force. In addition, the pull-off force is very large, 500 mN/m. They 
attributed this strong and long ranged attraction to bridging [Dahlgren et al, 1993; 
Dahlgren 1996] which was supported by Monte Carlo simulation and mean field 
calculations [Sjöström and Akesson, 1996]. 
 
The large increase in the maximum yield stress by adsorbed PEI clearly indicates the 
presence of non-DLVO attractive forces. The nature of the non-DLVO surface forces 
may be dependent upon the conformation of the adsorbed polyelectrolyte. When both 
the particle negative charge and the PEI positive charge densities are relatively high, 
adsorbed PEI will lie flat on the particle surface. This will most likely occur at pH 
between the maximum and zero zeta potential.  Meszaros et al.[2003] found that the 
adsorbed layer of PEI on silica was very compact at low and moderate pH and at low 
ionic strength.  At a higher pH, the adsorbed layer is more extended, but is still 
regarded as quite compact. Akari et al.[1996] obtained chemical force titration images 
that show adsorbed PEI molecules on negatively charged latex particles adopt a flat 
configuration forming patches. A positive patch is formed when the charge density of 
the adsorbed PEI molecule exceed the underlying negative charge density of surface. 
Claesson et al [1997] measured the interactions between mica sheets containing 
adsorbed PEI of Mw 70000 in a surface force apparatus. They also reported that at 
low pH and ionic strength, the adsorbed PEI molecules adopted a flat conformation. 
At higher pH, the amount adsorbed increases resulting in a thicker adsorbed layer as 
90 
                                                                                                                          Chapter 5 
the charge density of PEI gets smaller.  
 
For adsorbed PEI molecules of low Mw lying flat on the particle surface bridging may 
occur at the closest point of interactions in the flocculated state when the free charged 
functional groups are close enough to attach onto the second interacting particle. This 
usually occurs at separation distance of ~1nm. However, Dahlgren et al. [1993] 
observed bridging at much large separation distance despite the adsorbed 
polyelectrolyte layer being very thin. Some of the polyelectrolyte tails must be 
extended rather far from the surface to participate in bridging despite the adsorbed 
layer being compact.  There is a degree of confusion between bridging and charged 
patch attraction [Gregory, 1973; Miklavic et al, 1994; Leong, 1999] for adsorbed 
polymer lying flat on the particle surface. It is possible that a number of the PEI 
charge groups are close enough to reach the surface of the second particle. With 
smooth particles, more of these charged functional groups are close enough to reach 
to the surface. Away from this closest point, the attractive interaction is charged patch 
attraction. We will regard this type of interaction as charged patch-bridging attraction.  
 
At low surface coverage, charged patch-bridging attraction [Gregory, 1973; Miklavic 
et al, 1994; Leong, 1999] is likely to be present. An adsorbed PEI molecule formed a 
positive patch when its surface charge density is greater than the underlying negative 
charge density of the silica. The positive patch of adsorbed PEI interacts attractively 
with the negative bare surface of the second particle. This interaction is strongest near 
the closest point of interaction between the particles where bridging may also be 
present.  The strength of charged patch-bridging attraction increases with surface 
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coverage and is dependent upon polyelectrolyte Mw [Leong, 2001]. Very low and 
high Mw polyelectrolyte caused large attractive forces [Leong, 2001]. The increase in 
the maximum yield stress from 0.05 to 0.2dwb% PEI is likely due to a stronger 
charged patch-bridging attraction as the surface coverage increases. The larger 
increase in the maximum yield stress by PEI with Mw 70000 is due to a stronger 
attraction as a result of a larger patch size formed by the adsorbed polymer [Leong, 
2001]. So the conditions ideal for charged patch-bridging attraction is likely to be 
between the pH of maximum and zero zeta potential.  
 
Charged patch-bridging attraction is only as strong as the van der Waals attraction in 
the flocculated state for ZrO2 dispersions [Leong, 2001]. The Hamaker constant of 
ZrO2 in water is ~ 10 times larger than that of silica. However, the maximum yield 
stress increase by adsorbed PEI in silica dispersions is more than 10 times.  The 
increase ranged from 42 to 78-fold all at 0.2dwb% PEI. At 0.2dwb% PEI, the surface 
coverage is only 57%. So, charged patch-bridging force may still be the prevailing 
interparticle attractive force.  
 
At 0.4dwb% PEI, the surface coverage is complete but the increase in the maximum 
yield stress is still very high, about 40-fold for Mw 600 and 1800 and 50-fold for Mw 
70000. Amorphous silica is water soluble but it is much more soluble at high pH. At 
pH between 1 and 9.5, the solubility of silica is approximately 0.015wt%. From pH 
9.5 to 11 the solubility increased exponentially to 0.45wt% or 75mM [Alexander et al, 
1957; Tanakaa and Takahashib, 2001]. The solubility is independent of solids silica in 
suspension. At pH 11.1 (or 0.05M NaOH) Tanakaa and Takahashib [2001] found the 
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presence of many soluble ionic silica species via colorimetry and FAB-MS. These are 
monomeric species:  and , dimer species:  
and , linear tetrameric species: , and cyclic tetrameric 
species:  and . The relative concentration of these 
species is unknown. It is important to note that all these species possessed a single 
negative charge.  It is likely that the formation of a combination of intermolecular 
hydrogen bonding [Khoo et al, 2009] and electrostatic charge attraction involving 
charged and uncharged amine groups in the adsorbed PEI molecules with the –OH 
and the charged group of the various silicate ions species was responsible for the high 
maximum yield stress. This type of particle bridging involving the adsorbed PEI and 













Silica slurries with PEI of Mw 70000 at high pH ~ 11 displayed an unusual 
phenomenon. At rest, a relatively strong gel-like membrane was formed on the 
surface of the dispersed slurries. This interpenetrating network formed at the surface 
is consistent with the formation of a combination of intermolecular hydrogen bonding 
[Khoo et al, 2009] and electrostatic charge attraction involving charged and 
uncharged amine groups of adsorbed and desorbed PEI molecules with the –OH and 
the charged group of the various silicate ions species.  
 
With adsorbed polyelectrolyte, a physical steric layer is formed, and this is taken into 
account in Eq. (9) with the thickness of the steric layer [Ong et al, 2008]. In this case 
the yield stress-zeta potential square relationship is still linear provided that the 
adsorbed polymer adopted a flat configuration on the particle surface [Ong et al, 
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2008]. This occurs under the condition when both the particle negative charge and 
polymer positive charge is high. With the PEI-silica system, the negative charge 
density of the silica is low at low pH while the positive charge density of PEI is high. 
The converse is true at high pH. So the pH region where the adsorbed PEI lied flat on 
the particle surface is therefore at the intermediate pH region, between the pH of 
maximum and zero zeta potential. With silica, the van der Waals force is already very 
weak. So the presence of the adsorbed steric layer should be sufficient to completely 
disperse the suspension provided no other non-DLVO attractive forces such as 
charged patch, hydrogen bonding,  bridging and hydrophobic, are present.  
 
5.3  Yield Stress – Zeta Potential Relationship and Critical Zeta Potential 
The effect of non-DLVO surface forces on the yield stress-zeta potential square 
relationship is not known except for the short-range steric force involving adsorbed 
citrate [Johnson et al, 2005] and low Mw polyacrylic acid or PAA [Ong et al, 2008]. 
Fig 5.5 shows the plots of yield stress versus zeta potential squared for silica 
dispersion at low and high additive concentration of 0.05dwb% and 0.4dwb% PEI for 
all three Mws. The pairing of the yield stress and zeta potential data were conducted 
in the pH region between maximum zeta potential and zero zeta potential. Note that 
the pH of maximum yield stress and pH of zero zeta potential were made to coincide 
when they don’t match prior to pairing the yield stress-zeta potential square data. 
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Fig 5.5 The relationship between yield stress and zeta potential squared for silica 
dispersions with PEI of  Mw 600, 1800 and Mw 70000 at concentrations of 0.05 and 
0.4dwb%. The yield stress and zeta potential data were in the pH region between 
maximum zeta potential and zero zeta potential at high pH. 
 
The yield stress versus  plots for silica slurries at low surface coverage of 
0.05dwb% PEI are linear for all three Mws. However the slope and intercept at the 
zeta potential square axis of the plots did not show any correlation with Mw. This 
result is an indication that charged-patch-bridging attraction did not affect the linear 
relationship between yield stress and zeta potential squared. At high surface coverage, 
the particle bridging interactions via attraction interaction between soluble silica ionic 
species and adsorbed PEI of the interacting particles did not affect the linear 
relationship either.  The plots for Mw 600 and 1800, were quite similar in terms of the 
magnitude of the yield stress and the value of the intercept at the zeta potential square 
axis. However the plot for Mw 70000 is quite different. The yield stress is slightly 
larger and so is the intercept value. The intercept value gives a critical zeta potential 
2ζ
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of ~40mV for Mw 70000 compared to values of  ~25mV for Mw 600 and ~21mV for 
Mw 1800. The critical zeta potential is the zeta potential at the flocculated-dispersed 
transition state [Leong and Ong, 2003]. The pH region below the point of zero zeta 
potential where the yield stress data were taken for these plots is very narrow. It is 
between pH 9 and 10 for Mw 600 and 1800 and between pH 8 and 10 for Mw 70000. 
At such high pH, the adsorbed PEI formed a very compact and thick conformation. 
 
The linear relationship between yield stress and zeta potential squared at high 
coverages suggest that the interparticle separation is constant and independent of PEI 
Mw. With the adsorbed layer lying in a compact conformation on the particle surface, 
the separation distance will probably be the two adsorbed layers and the length of the 
ionic silica species.  The hydrogen bond and unlike charge attraction linking soluble 
ionic silica species the adsorbed PEI layers on the interacting particles occurred 
within a very small spherical cap area where the adsorbed PEI molecules are close 
enough to participate in such bridging interaction. This area is very small, a fraction 
of 1% of the total particle surface area.  
   
The force law obtained via SFA or AFM would be commercially very useful if it can 
be used to predict quantitatively the strength of particle interactions and its effect on 
slurry processing behaviour. A direct correlation between SFA or AFM force and 
slurry behavior is required if the force law is to be applicable. An ideal and obvious 
parameter to correlate is the adhesion force and yield stress at a constant surface 
chemistry condition such as the point of zero charge.   In one case, there is a 
correlation with trend showing the adhesion force increase to a maximum value and 
then decrease with PEI concentration just like the maximum yield stress.  
96 
                                                                                                                          Chapter 5 
In other cases, the correlation is less clear. This is probably due to the surface 
chemistry conditions such as charged state, ionic strength and surface coverages were 
not exactly the same.   
 
5.4 Conclusion 
The maximum zeta potential was found to increase with increasing PEI concentration. 
The pH of charge reversal or zero zeta potential shifts to a higher pH as PEI 
concentration increases.  At a given PEI concentration, Mw did not have an effect on 
the location of the pH of zero zeta potential. At pH near the isoelectric point of the 
silica (between pH 2 and 3.5), the amount of PEI adsorbed is negligible for Mw 600 
and Mw 1800 and very low for Mw 70,000. In this pH region, the surface negative 
charge density of silica is very low. τy,max of the silica dispersions was increased by as 
much as 42 times by PEI of Mw 600 and 68 times by PEI of Mw 70,000. This 
increase was attributed to charged patch–bridging attraction at low surface coverages 
and to particle bridging via a combination of hydrogen bond and unlike charge 
attraction between soluble ionic silica species and adsorbed PEI layers on the 
interacting particles at high surface coverage. τy,max is always higher for dispersion 
with PEI of Mw 70,000 than the other two lower Mw PEIs at any given additive 
concentration.  The yield stress versus square of zeta potential plots for silica slurries 
at low surface coverage of 0.05dwb% PEI are linear for all three Mws but do not 
show any correlation with Mw.  The linear relationship between yield stress and zeta 
potential squared at high coverages suggests that the interparticle separation is 
constant and independent of PEI Mw.  The critical zeta potential generally increases 
with higher Mw. 
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Chapter 6: Conclusion and Recommendation 
6.1  Conclusions 
It has been shown that the yield stress and zeta potential measurements can be used to 
study the effects of polymer and small ionic additives on oxide dispersions.  Linear 
relationship between yield stress and the square of the zeta potential as predicted by 
the yield stress –DLVO force model was maintained when non-DLVO forces are 
present.  The only exception was in the negative zeta potential region for polyacrylate 
additives.  Changes in critical zeta potential value can be used to reflect the effect of 
the non-DLVO forces.   
 
Adsorbed polyacrylate layer on α-alumina and alumina coated titania decreases the 
τy,max  of the oxide dispersions due to the formation of a steric layer.  The yield stress 
— DLVO force relationship is obeyed by oxide dispersions with adsorbed 
polyacrylate layer provided that the yield stress and zeta potential data are collected in 
the positively charged region. In this region, the adsorbed polymer lies flat on the 
particle as the underlying surface positive charge density exceeds the negative charge 
density of the polymer. In the negative charged regime, the yield stress does not 
decrease linearly with the square of zeta potential for oxide dispersions with adsorbed 
polyacrylate. This is explained in terms of a non-constant thickness of the adsorbed 
layer as the negative charge density of adsorbed polymer exceeds the underlying 
surface positive charge density. The adsorbed polymers will take up a range of 
conformations such as the formation of loops and dangling tails.  The critical zeta 
potential at the flocculated-dispersed transition state decreases with increasing PAA-
Na concentration. The decreasing critical zeta potential reflects a weaker van der 
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Waals attraction due to an increasing separation distance between interacting particles 
as the adsorbed layer thickness increases. 
 
Smooth or low surface area particles with high surface coverage of adsorbed 
phosphate, enable a high density of hydrogen bond interactions between adsorbed 
phosphate species at low pH resulting in a higher than expected τy,max. Thus adsorbed 
phosphate additive increases the τy,max of AKP30 and AA07 dispersions by particle 
bridging via hydrogen bonding. No increase in τy,max was observed for zirconia 
dispersions consisting particles with very rough surface morphology.  Phosphate ions 
that are adsorbed in the pores of zirconia particles are unable to interact with each 
other via hydrogen bonding, thereby reducing the density of hydrogen bond 
interaction. Pyrophosphate decreases the τy,max of AKP30.  This is due to the adsorbed 
ions lying flat on the particle surface and the presence of intramolecular hydrogen 
bonding.  Citrate additive produces the same response as pyrophosphate.  The linear 
relationship between yield stress and square of zeta potential was not affected by non-
DLVO forces arising from the adsorbed phosphates, pyrophosphate and citrate 
additives. These non-DLVO forces are steric and intermolecular hydrogen bonding 
forces. The change in the critical zeta potential value reflects the relative effect of 
these non-DLVO forces.  
 
The maximum zeta potential was found to increase with increasing PEI concentration. 
The pH of charge reversal or zero zeta potential shifts to a higher pH as PEI 
concentration increases.  At a given PEI concentration, Mw did not have an effect on 
the location of the pH of zero zeta potential as the number of repeating units remain 
constant. At pH near the isoelectric point of the silica (between pH 2 and 3.5), the 
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amount of PEI adsorbed is negligible for Mw 600 and Mw 1800 and very low for Mw 
70,000. In this pH region, the surface negative charge density of silica is very low. 
τy,max of the silica dispersions was increased by as much as 42 times by PEI of Mw 
600 and 68 times by PEI of Mw 70,000. This increase was attributed to charged 
patch–bridging attraction at low surface coverages and to particle bridging via a 
combination of hydrogen bond and unlike charge attraction between soluble ionic 
silica species and adsorbed PEI layers on the interacting particles at high surface 
coverage. τy,max is always higher for dispersion with PEI of Mw 70,000 than the other 
two lower Mw PEIs at any given additive concentration.  The yield stress versus 
square of zeta potential plots for silica slurries at low surface coverage of 0.05dwb% 
PEI are linear for all three Mws but do not show any correlation with Mw.  The linear 
relationship between yield stress and zeta potential squared at high coverages suggests 
that the interparticle separation is constant and independent of PEI Mw.  The critical 
zeta potential generally increases with higher Mw. 
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6.2  Recommendations for Future Research 
The crtitical zeta potential obtained from eq. (7) can be used to determine the 
Hamaker constant of the oxide [Leong and Ong, 2003].   The equation is however 
valid only if for surface or zeta potential of less than 25.6 mV. A means of decreasing 
the zeta potential of the particulate fluid is to adsorb an ideal “hard wall” steric layer. 
This layer pushes the shear plane where the zeta potential is characterized, further out 
from the particle surface.  Through the addition of low Mw polyacrylate to alumina 
and alumina coated titania, we have achieved this “hard wall” steric layer.  The 
critical zeta potential values unfortunately were not conclusive.  It will be interesting 
to conduct further studies with other additives and oxides to see if we are able to 
obtain a better relationship between the critical zeta potential and Hamaker constant 
of the oxides.   
 
Another recommendation for future research is to investigate the force law via SFA or 
AFM.  The force law obtained via SFA or AFM would be commercially very useful if 
it can be used to predict quantitatively the strength of particle interactions and its 
effect on slurry processing behaviour.  A direct correlation between SFA or AFM 
force and slurry behavior is required if the force law is to be applicable.  An ideal and 
obvious parameter to correlate is the adhesion force and yield stress at a constant 
surface chemistry condition such as the point of zero charge.  We already have the 
yield stress and zeta potential data from our work.  We just need to obtain the data 
from SFA or AFM to see if we can obtain any relationship from the data.  With the 
ability to predict quantitatively the strength of the particle interactions and its effect 
on slurry processing, we will be able to better control particle-particle interactions and 
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flocs morphology via surface forces which is important in many colloidal and 
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